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Abstract 
 
Alkali release and behaviour of molten coal ashes (slags) are among the main problems  
in coal combustion and gasification processes. The alkali metals, bonded in the mineral matter 
of coal, are partly released during coal conversion. This leads to the formation  
of sticky deposits in boilers or hot corrosion of turbine blades in combined cycle power 
systems. Therefore, the information about thermodynamic properties of oxide systems 
containing silica and alumina as well as alkali and alkaline-earth oxides is important. The 
knowledge of quasi-binary phase diagrams in systems like Alk2O-Al2O3-SiO2 (Alk = Na or 
K) is essential for thermodynamic modelling of more complex systems like coal slags. 
 
The determination of the alkali partial pressures over mixtures of silicon dioxide, aluminium 
oxide and alkali oxides like Na2O or/and K2O and the alkali oxide activity in these mixtures 
was carried out. The thermodynamic studies are important because the potential of alkali 
retention depends on the alkali oxide activity in the slag. The quasi-ternary Na2O-Al2O3-SiO2 
and the quasi-quaternary Na2O-K2O-Al2O3-SiO2 systems were investigated by Knudsen 
Effusion Mass Spectrometry (KEMS). 
 
For the investigation of the binary systems the most important part of this work was finding a 
suitable method of preparing the samples and making the measurements since one component 
– sodium oxide – is hygroscopic.  
 
As one of the most important results, the behaviour of the Na2O-rich parts of the systems 
Na2O-SiO2 and Na2O-Al2O3 was characterized for the first time.  
In the quasi-binary Na2O-SiO2 system one eutectic was established at about 861 ± 9 °C 
between 78 and 80 mole percent of sodium oxide. A second eutectic is most likely placed 
between 85 and 87 mole percent of sodium oxide at a temperature of 845 ± 15 °C.  
In the range of the binary Na2O-SiO2 system, where the phase equilibrium was investigated 
by Kracek and D‟Ans and Loeffler, a generally good agreement between previous data and 
experiments done in this work was observed. 
The quasi-binary Na2O-Al2O3 system has a simple eutectic in the high Na2O concentration 
range of the system. The eutectic is close to pure Na2O at 1093 ± 15 °C. 
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The subsystem of the quasi-ternary Na2O-Al2O3-SiO2 system, NaAlSiO4-NaAlO2, has in the 
low temperature range a few structure changes. No solidus and liquidus lines could be 
determined in the available temperature range of up to 1550 °C of the STA apparatus. 
Therefore, on one side the phase diagram proposed by Schairer et al. is right, other side it is 
doubtful if the range between NaAlSiO4 and NaAlO2 is a homogenous solid solution. 
 
By vaporization experiments of pure Na2O(s) the vaporization enthalpy of Na2O(s) was 
calculated by means of the second and third law methods. The results showed that the 
enthalpies obtained from the third law are in good agreement with data from 
IVTANTHERMO.  
 
The study of vaporization behaviour and the thermodynamic properties of the quasi-ternary 
Na2O-Al2O3-SiO2 and quasi-quaternary Na2O-K2O-Al2O3-SiO2 system showed that the 
thermodynamic activity of sodium oxide in the quasi-ternary system increases with increasing 
sodium oxide content and is in quite good agreement with calculated values for this system 
(FACT and FZJ database). The comparison of the sodium oxide activity of quasi-ternary and 
quasi-quaternary samples showed that the existence of potassium oxide increases the activity 
of sodium oxide in the system.  
 
 Kurzfassung 
 
  
  
Kurzfassung 
 
Die Freisetzung von Alkalien und das Verhalten schmelzflüssiger Kohleschlacken sind neben 
anderen die hauptsächlichen Probleme bei der Verbrennung oder Vergasung von Kohle. 
Alkalien, die mineralisch in der Kohle gebunden sind, werden teilweise bei der Verbrennung 
oder Vergasung von Kohle freigesetzt. Diese verursachen die Bildung klebriger 
Ablagerungen im Kessel oder Korrosion der Turbinenschaufeln in Kombikraftwerken. 
Deshalb ist ein Grundverständnis der thermodynamischen Eigenschaften oxidischer Systeme 
mit Silizium- und Aluminiumoxid und auch Alkali- und Erdalkalioxiden wichtig. Die 
Kenntnis der binären und ternären Teilsysteme im System Alk2O-Al2O3-SiO2 (mit Alk = Na, 
K) ist eine Grundvoraussetzung für thermodynamische Modellrechnungen in komplexen 
silikatischen Systemen wie Kohleschlacken. 
 
Die Partialdrücke der Alkalien über Mischungen aus Siliziumoxid, Aluminiumoxid und den 
Alkalioxiden Na2O und/oder K2O und die thermodynamischen Aktivitäten der Akalioxide in 
diesen Mischungen wurden ermittelt. Diese thermodynamischen Untersuchungen sind 
wichtig, weil das Potential der Schlacken Alkalien einzubinden von der Aktivität der 
Alkalioxide abhängt. Das quasi ternäre System Na2O-Al2O3-SiO2 und das quasi-quaternäre 
System Na2O-K2O-Al2O3-SiO2 wurden mittels Knudsen-Effusionsmassenspektrometrie 
(KEMS) untersucht. 
 
Bei den Untersuchungen der binären Systeme war das Finden einer geeigneten Methode zur 
Herstellung der Proben eine wichtige Aufgabe dieser Arbeit, weil eine Komponente – das 
Natriumoxid – hygroskopisch ist. 
 
Eines der wichtigsten Ergebnisse ist, dass der Na2O-reiche Teil der binären Systeme Na2O-
Al2O3 und Na2O-SiO2 zum ersten Mal bestimmt wurde. 
Im quasi-binären System Na2O-SiO2 wurde ein Eutektikum bei circa 861 ± 9 °C und 78-80 
mol Prozent Natriumoxid ermittelt. Ein zweites Eutektikum ist höchstwahrscheinlich 
zwischen 85 und 87 mol Prozent Natriumoxid bei circa 845 ± 15 °C. In dem Teil des Systems 
Na2O-SiO2, in dem die Phasengleichgewichte von Kracek, D‟Ans und Loeffel untersucht 
wurden, wurde eine gute Übereinstimmung zwischen den bisherigen Daten und den 
Ergebnissen der Versuche dieser Arbeit gefunden. 
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Das quasi-binäre System Na2O-Al2O3 hat ein einfaches Eutektikum im Na2O-reichen Teil. 
Das Eutektikum ist nahe dem reinen Natriumoxid bei 1093 ± 15 °C platziert. 
Das Teilsystem des quasi-ternären Systems Na2O-Al2O3-SiO2, NaAlSiO4-NaAlO2, hat im 
unteren Temperaturbereich einige Strukturumwandlungen. Innerhalb des Messbereichs der 
STA von maximal 1550 °C konnten keine Solidus- und Liquiduslinien gemessen werden. 
Deshalb ist das von Schairer et al. vorgeschlagene Zustandsdiagramm diesbezüglich richtig. 
Es ist aber fraglich, ob der Bereich zwischen NaAlSiO4 und NaAlO2 eine homogene, feste 
Lösung ist. 
 
Die Verdampfungsenthalpie von Natriumoxid wurde aus Ergebnissen von Verdampfungs-
untersuchungen mit reinem Natriumoxid nach der Methode des zweiten und des dritten 
Hauptsatzes berechnet. Die Ergebnisse zeigen, dass die nach der Methode des dritten 
Hauptsatzes berechnete Enthalpie gut mit Daten von IVTANTHERMO übereinstimmt. 
 
Die Untersuchungen zum Verdampfungsverhalten und der thermodynamischen Eigenschaften 
des quasi-ternären Systems Na2O-Al2O3-SiO2 und des quasi-quaternären Systems Na2O-K2O-
Al2O3-SiO2 zeigen, dass die Aktivität von Natriumoxid im quasi-ternären System mit 
steigendem Natriumoxidgehalt steigt und von der Größenordnung her gut mit ausgerechneten 
Werten für dieses System (FACT und FZJ Datenbanken)  übereinstimmt. Der Vergleich des 
quasi-ternären Systems mit dem quasi-quaternären System zeigt, dass Kaliumoxid die 
Aktivität des Natriumoxids in dem System erhöht. 
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1 Introduction and aims 
 
Coal has been used as an energy source for hundreds of years; there was international trade in 
coal as long ago as the Roman Empire (some historians even believe that coal was 
commercially used in China around 1000 BC). From the Industrial Revolution right through 
to the second half of the 20
th
 Century, coal was the world‟s most important primary energy 
source until overtaken by oil in the 1960s. Now coal is still the most important energy source, 
fuelling almost 40% of electricity worldwide (Fig. 1). In many countries this figure is much 
higher, for examples Poland, South Africa (Fig. 2). It is expected that the role of coal in 
power generation will remain at similar levels over the next 30 years.  
 
39.8
19.6
16.1
15.7
6.7 2.1
Coal
Gas
Hydro
Nuclear
Oil
Other (solar, wind, 
combustible renewables,
 geothermal and waste)  
Figure 1. The different sources of world electricity generation in percent (2004) [1]. 
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Figure 2. The amount of coal in electricity generation in selected countries [1]. 
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As the global population grows and as the living standards improve in the developing world, 
the international demand for energy is increasing rapidly. The world currently consumes over 
4050 million tonnes (Mt) of this combustible, sedimentary, organic rock, which is composed 
mainly of carbon, hydrogen and oxygen. Coal is used by a variety of sectors – not only for 
power generation but also for iron and steel production, cement manufacturing and as a liquid 
fuel. It is mainly produced by countries like China, USA or India (Fig. 3). It has been 
estimated that there are over 984 billion tonnes of proven coal reserves and this means that 
there is enough coal to last us over 190 years [1] while the reserves of oil or natural gas are 
estimated to last for about the next 50 years.  
 
 
Figure 3. The top ten producers of coal [1]. 
 
All fossil fuels will eventually run out and it is essential that we use them as efficiently as 
possible. Therefore, a range of advanced technologies has been developed to make further 
reduction of emissions of pollutants and to improve coal-fired power plant efficiencies, like 
 
 Integrated Gasification Combined Cycle (IGCC) – where coal is not combusted directly 
but reacted with oxygen and steam and so-called „syngas‟ is composed and is used as a 
fuel for driving a combined gas/steam turbine. Emissions are significantly lower and 
efficiencies approach 50%. Currently there are only a few demonstration plants, but this 
technology has been used in the petrochemical industry for many years; 
 Fluidised Bed Combustion (FBC) – in this case air is forced through a bed of ash, 
pulverised coal and limestone, causing rapid mixing and encouraging complete 
combustion of the fuel. The heat is used in a conventional steam cycle but by increasing 
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pressures within the bed, a high pressure gas stream can be used for driving a gas turbine 
and can give additional electricity. FBC can reduce SOx and NOx emission and can use 
low quality or mixed fuels like coal with biomass. There are also some variants of this 
technology: 
- atmospheric pressure fluidised bed combustion in both bubbling (BFBC) 
and circulating (CFBC) beds 
- pressurised fluidised bed combustion (PFBC) 
- pressurised circulating fluidised bed combustion (PCFBC), demonstration 
one; 
 Pressurised Pulverised Combustion of Coal (PPCC) – will be described below; 
 Oxyfuel Combustion – is very similar to conventional PCC generation (described below) 
but pure oxygen and recirculated CO2 is used instead of air in the boiler. So far this 
technology has only been demonstrated at pilot scale.  
 
As a lump, coal was used in the earliest conventional coal-fired power stations and it was 
burnt on a grate in boilers to raise steam. The conventional coal-fired power generation 
system used today is pulverised coal combustion (PCC). PCC can be used to fire a wide 
variety of coals. In such power stations, coal is first pulverised which increases the surface 
area and allows to burn it more quickly. Then it is blown into a furnace where it is combusted 
at high temperature. Hot gases and heat energy are produced converting water – in tubes 
lining the boiler – into steam, which drives a steam turbine and a generator. The power 
generation efficiency of the conventional power plant is between 38% – 40% and also the 
carbon dioxide emission has been reduced. 
The efficiency of coal-fired power plants can be increased by using combined cycle power 
systems (PPCC) (Fig. 4), which is the combination of a gas and steam turbine process. In the 
case of PPCC 
 
 the heat released from combustion generates high pressure and high temperature 
steam used in steam turbine-generators to produce electricity 
 the flue gases exiting from the boiler generate further electricity by driving a gas 
turbine‟s compressor.  
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Figure 4. The combined cycle power system PPCC. 
 
This PPCC technology is developed mainly in Germany. With this technology it is possible to 
achieve efficiencies in excess of 50% and to further reduce CO2 and other emissions. The 
main problem of such power plants is that the direct use of the hot gas for driving a gas 
turbine is not possible. It must be cleaned up because coal contains a large variety of minerals 
and other substances (Table 1) which can lead to fast destruction of gas turbine blades due to 
corrosion and erosion. 
 
Table 1. Composition of coal in mass percent – the amount of elements or compounds 
depends on the type of coal. 
 
Elements 
of coal 
% 
C 75 – 85 
H 4.8 – 5.5 
O 8.8 – 10 
N 1.4 – 2.3 
S 0.3 – 1.5 
ash contents 5 – 10 
 
 
Composition  
of ashes 
% 
SiO2 18.3 – 52.3 
Al2O3 10.7 – 33.5 
CaO 2.9 – 25 
Na2O 0.7 – 3.8 
K2O 0.8 – 2.9 
P2O5 0.4 – 4.1 
 
 
The alkali metals are mainly bonded in the mineral matter of a coal as salts and silicates, and 
they are partly released during coal combustion. This leads to an increase of alkali 
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concentration in the flue gas and hot corrosion of turbine blades takes place. Therefore, after 
leaving the furnace the flue gases pass a gas-cleaning section.  
The amount of alkali metals can be reduced in two ways (Fig.4): 
 
 In the combustion chamber and in the liquid slag separators – coal ash slags can be 
regarded as silicate melts or glasses, because of their main component SiO2. 
Therefore, they have a high potential for alkali retention. This process takes place in 
the temperature range from 1450 to 1600 °C; 
 In the alkali sorption unit by using solid sorbents like kaolinit or bauxite. In this case, 
reduction of alkali content takes place at temperatures below 1400 °C. 
 
Since many phase diagrams of main ash, slag or sorbent components like SiO2, Al2O3, Na2O, 
K2O, CaO, MgO are not well known, so far it is essential to know the binary or ternary phase 
diagrams, e.g. Na2O-SiO2, K2O-SiO2, Na2O-Al2O3, K2O-Al2O3, Na2O-SiO2-Al2O3 or K2O-
SiO2-Al2O3. The knowledge about such phase diagrams will help in thermodynamic 
equilibrium modelling of more complex systems, like quaternary or even higher component 
systems, which are closer to the real systems existing in coal combustion. The knowledge 
about thermodynamic properties of complex systems similar to the real ones will help 
predicting new sorbents or will give answers how to better reduce the alkali amount in the 
combustion chamber or in the liquid slag separators. Therefore, it was essential in this work to 
determine the phase diagram of the binary Na2O-SiO2, Na2O-Al2O3 and NaAlSiO4-NaAlO2 
systems by using Simultaneous Thermal Analysis (STA). 
The other part of this work was the determination of the alkali partial pressures over mixtures 
of silicon dioxide, aluminium oxide and alkali oxides like Na2O or/and K2O and the 
determination of the alkali oxide activity in these mixtures, because the potential of alkali 
retention depends on the alkali oxide activity in the slag. The ternary and quaternary systems 
were investigated by Knudsen Effusion Mass Spectrometry (KEMS) in the temperature range 
from 1600 to 1850 K. The measurements should give an answer to the question of how strong 
alkali oxides are bound by slag elements like SiO2 and Al2O3 and how this bonding could 
change when two alkali oxides are present in the system (Na2O-K2O-SiO2-Al2O3). 
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2 Literature review 
2.1 Quasi-binary system Na2O-SiO2 
2.1.1 Literature data about the quasi-binary system Na2O-SiO2 
The first information about the binary system sodium metasilicate – silicon oxide can be 
found in Morey and Bowen‟s work [2]. They investigated the melting point relations in this 
binary system. The two compounds, sodium metasilicate (Na2O·SiO2) and sodium disilicate 
(Na2O·2SiO2), were prepared and described even earlier by Morey [3]. The samples in the 
system were prepared from quartz and sodium carbonate. The materials were mixed in the 
desired proportion, melted in platinum, then the clear glass was pulverised, the homogeneity 
was investigated and the composition was checked by analysis. The melting point curve was 
determined by the quenching method of samples for which the equilibrium was reached. 
Some samples were investigated using the usual time-temperature curve method. The results 
of this investigation were shown in Fig. 5.  
 
 
 
Figure 5.  Phase diagram of the Na2SiO3- SiO2 system according to Morey and Bowen [2]. 
 
In this system no solid solution was found. Only one compound exists between sodium 
metasilicate and silica – sodium disilicate, Na2Si2O5. The melting point of Na2SiO3 was found 
at 1088 °C. The eutectic between Na2SiO3 and Na2SiO5 is at 840 °C, 62.5 mole percent 
2 Literature review 
 
 
 - 8 - 
Na2SiO3, 37.5 mole percent SiO2. It was found by extrapolation of the metasilicate and 
disilicate curves. Na2Si2O5 (sodium disilicate) melts congruently at 874 °C and the melting 
curve is unusually flat. The second eutectic point, between the disilicate and quartz, was 
determined at 793 °C and 35 mole percent Na2SiO3, 65 mole percent SiO2 (26.5 mol % Na2O) 
by preparing two mixtures with 63.56 and 66.73 mol % SiO2 (they melt at 802.7 °C and 827 
°C, respectively) and then estimation was done. The melting point of cristobalite was 
determined at 1710 °C. 
The same phase diagram was investigated by Kracek [4]. He extended the investigation to 
include the sodium ortosilicate. The samples, prepared from pure quartz and Na2CO3, were 
initial sintered at about 700 °C to release CO2 and then were melted in a large platinum 
crucible. The temperature was increased to the point where rapid diffusion takes place, but the 
samples were not heated higher than essential, because both components are somewhat 
volatile. After heating the glass was cooled, weighed, powdered and examined for 
homogeneity. Finally, most of the preparations were crystallized before using for 
determination of the melting point. The phase equilibrium was determined by the method of 
quenching for the most part of the diagram. In the ortosilicate region and in the disilicate 
region the method of heating curves was also used to study the solid-liquid phase reaction. 
In the field of silica modifications it is known that silica crystallizes from sodium silicate 
preparations in three varieties, cristobalite, tridymite and quartz, with inversion temperatures 
at 1470 and 870 °C, respectively. Cristobalite, the high temperature modification, melts at 
1713 °C. The liquidus line between melting point of cristobalite and tridymite, located at 
88.7% SiO2 (1470 ± 10 °C) has a characteristic reverse S-type. From this point, the tridymite 
liquidus line descends smoothly till 870 ± 10 °C and 75.5% SiO2 when it meets with liquidus 
curve of quartz, which is finished above 793 °C, by the disilicate-quartz eutectic. 
In the field between quartz/tridymite and Na2Si2O5 the temperature of the eutectic was 
determined by noting the temperature at which the disilicate disappeared from a preparation 
previously crystallized at a temperature below the eutectic [4]. When the temperature of 
eutectic was determined – 793 °C, the eutectic composition was located at 73.9% SiO2, which 
is in agreement with previous work [2].  
In the field between sodium metasilicate and sodium disilicate the eutectic was located at 
62.1% SiO2 and 846 °C - this value was moderately corrected in comparison to the value from 
previous work [2]. The value of the melting point of the disilicate, 874 ± 1 °C, was confirmed. 
Sodium disilicate has a reversible inversion at 678 °C. 
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In the field of sodium metasilicate, Na2SiO3, the pure compound melts at 1089 ± 0.5 °C and 
the eutectic between sodium orthosilicate and the metasilicate is at 43.1% SiO2 and 1022 °C. 
In the case of sodium orthosilicate, Na4SiO4, the liquidus raises steeply from the eutectic to 
1118 ± 5 °C at 40.7% SiO2. Above this temperature the orthosilicate is unstable, and it 
decomposes into liquid and Na2O crystals (Fig. 6). In this part of the phase diagram it was 
extremely difficult to remove CO2 during preparation, and hence, the composition of the 
mixtures might vary somewhat. A number of heating curves which were also investigated in 
this range gave interesting results. All the curves had thermal arrest between 1021 and 1023 
°C. Preparations which contained appreciable quantities of CO2 when they were put into the 
furnace gave a quite sharp arrest at 962 °C, which disappeared on repetition. At the same time 
the upper arrest, 1118 °C, gradually rose. The author expected that as long as CO2 is 
presented in the samples, the composition of samples is represented in ternary system Na2O-
SiO2-CO2, and the arrest at 962 °C represented an invariant point in this ternary system. 
Some new information about relations in the system sodium oxide-silicon oxide can be found 
in later papers. 
 
 
 
Figure 6. Equilibrium phase diagram of the binary system sodium oxide-silicon oxide (after 
Kracek [4]). 
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Kracek‟s work [5] has shown that sodium disilicate is trimorphous with inversions located at 
average temperatures of 678 and 707 °C. The location of the eutectic between the disilicate 
and quartz was verified. Two samples with compositions 74.8% and 76.0% SiO2 were 
investigated. The eutectic temperature is 789 ± 1 °C. The intersection of the liquidus curves of 
sodium disilicate and quartz at the new determined temperature is at 74.2 ± 0.3% SiO2. The 
intersection of the liquidus curves for the disilicate and the metasilicate at the temperature 837 
± 1 °C (obtained by investigation of samples with 61.5 and 62.5% SiO2), is located at 62.1 ± 
0.2% SiO2. The liquidus temperature of cristobalit was determined to be slightly lower in this 
work in comparison with other Kracek‟s work [4]. 
 
 
Figure 7. Stability of Na6Si8O19 [6]. 
 
Another compound, Na6Si8O19, was reported by Wiliamson and Glaser [6]. It melts 
incongruently to SiO2 and liquid at 808 ± 2 °C and it disproportionates to β-Na2Si2O5 and 
quartz at 700 ± 10 °C (Fig. 7).  The existence of a similar compound, Na2Si3O7, has been 
reported by Metveev [7]. Comparison of the x-ray powder data and optical properties has 
showed that Na6Si8O19 was identical with Matveev‟s reported compound, but its correct 
stoichiometry was determined better in this work. 
In the range between Na4SiO4-Na2SiO3 a new compound, Na6Si2O7, has been described by 
Loeffler and D‟Ans [8, 9] and a phase diagram in the range between pure Na2O and Na2SiO3 
has been proposed (Fig. 8). 
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Figure 8. High sodium oxide concentration part of the binary system [9]. The range between 
100-66.67% Na2O was estimated. 
 
The authors compared their own data with data from Zintl, Morawietz (according to [9]) and 
Bunzel, Kohmeyer [10]. If the sodium oxide is molten at 925 °C [10] and there is no 
intermediate phase between Na2O and Na4SiO4, it is expected that the eutectic point in the 
high sodium oxide range is at 92.5 mole percent Na2O and 800 °C. The Na4SiO4 exists in two 
forms and phase transformation takes place at 960 °C and from 66.66 to 71 mole percent 
Na2O (β-Na4SiO4). The α-form is melting congruently at 1078 °C. The eutectic point, 
between Na4SiO4 and Na6Si2O7, has parameters 962 °C and 63.5 mole percent Na2O. 
Na6Si2O7 has its melting point at 1115 °C (congruent melting). Next eutectic point placed in 
range between Na6Si2O7 and Na2SiO3 at 1015 °C and 54.5 mole percent; Na2SiO3 melts at 
1088 °C. It can be also seen that Na6Si2O7 exists only up to 402 °C (Zintl and Leverkus work, 
according to [9]). 
2.1.2 Modelling of the Na2O-SiO2 system 
By using thermodynamic modelling of phases, the known equilibrium information can be 
extended to uninvestigated equilibrium or a metastable region, as it was done in case of the 
binary system Na2O-SiO2. In the high Na2O part the experimental information about the 
system are insufficient. 
The thermodynamic properties and the phase diagram were calculated in range from Na4SiO4 
to SiO2 by Wu et al [11]. In this work all available thermodynamic and phase equilibrium data 
for this system were critically evaluated simultaneously in order to obtain one set of model 
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equations for the Gibbs energies of all phases as functions of temperature and composition. 
For the liquid phase the modified quasi-chemical model was used. The data which were used 
in the computations were taken from studies of Kracek, D‟Ans, Loeffler and Kohsaka et al.. 
The calculated phase diagram is reproduced very well with the measured one. A small 
disagreement can be observed in eutectic line between Na4SiO4 and Na6Si2O7 (1031 °C, ~ 
0.22 mol of SiO2; in terms of components NaO0.5-SiO2) – the temperature is higher in 
comparison with Loeffler‟s data, but the eutectic lines were usually extrapolated by the 
authors and this can be the explanation of these differences. Higher discrepancies can be 
observed in the calculation of the liquid-liquid miscibility gab which in this work is narrower 
than the measured one. Also the calculated liquidus line near the melting point of SiO2 does 
not agree with the Kracek‟s experimental results. 
Romero-Serrano et al. [12] were using a structural model for the silicate melts and glasses to 
carry out the thermodynamic properties and phase diagram for this binary system. This model 
was based on the assumption that each metallic oxide produces the depolymerisation reaction 
O° + O
2-
 = 2 O
-
 with a characteristic free-energy change. A least-squares optimization method 
was used to model the parameters for the liquid phase. This optimized phase diagram was 
based on the phase diagram reported by Kracek, D‟Ans, Loeffler and Williamson et al. and 
from activities of Na2O and SiO2 in the liquid estimated by the electromotive force technique 
or/and chemical equilibration method. Some of the data were also taken from JANAF tables 
[13]. Some changes in comparison with previous work [11] can be seen in the range 0.2-0.33 
mol SiO2 (in terms of components NaO0.5-SiO2) in case of temperature of eutectics 1001 and 
996 °C (previous [11] 1031 and 1016 °C, respectively). 
In Zaitsev‟s et al. studies [14, 15] the properties of Na2O-SiO2 were studied by Knudsen 
effusion mass spectrometry in the range 19.5-61.8 mol % Na2O. The activities of the 
constituent oxides were determined. In these studies a thermodynamic model for Na2O-SiO2 
melts was proposed and used to calculate phase equilibrium in the system. The results of the 
calculation agree well with the experimental data obtained by physicochemical methods from 
Kracek and others. 
For the calculation, the melting point of pure Na2O was taken as 1132 °C [12] and it was 
assumed that no other component exists between pure Na2O and Na4SiO4. The authors 
suggested in the rich Na2O concentration part of the phase diagram one eutectic at 0.267 mol 
SiO2 and 930 °C. Also two structure changes of Na2O at 750 and 970 °C are shown.  
This phase diagram was calculated by Yazhenskikh as well [16] by using the associate model 
for the liquid phase. A quite good agreement of the calculation performed using the optimised 
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data set with experimental data was observed. As a result of this calculation, in the high Na2O 
concentration part, one can observe a simple eutectic existing at about 78 mole percent Na2O 
and at about 937 °C.  
 
2.2 Quasi-binary system Na2O-Al2O3 
2.2.1 Literature data of the quasi-binary system Na2O-Al2O3 
The single- and two-phase materials in the Na2O-Al2O3 system find extensive application in 
the sodium-sulphur battery, in the solid-state sensor for oxygen, sulphur and oxides of 
sulphur, in the monitoring of sodium vapour pressure and activity in alloys [17] or they are 
used as envelopes for high pressure sodium lamps [18]. Due to high ionic conductivity, β’’–
alumina is preferred as an electrolyte [19]. 
Despite extensive efforts the phase diagram of the binary system Na2O-Al2O3 is not well 
established. Several versions of the phase diagram have been proposed. One of them belongs 
to Rolin and Thanh [20, 21], another reported by De Vries and Roth [22] where three inter-
oxide phases were identified: NaAlO2, β’’-alumina and β-alumina. The exact composition and 
temperature for their existence is different in each version – as shown in Fig. 9 and 10. 
 
 
 
Figure 9. The phase diagram of system NaAlO2-Al2O3 proposed by Rolin and Thanh [21]. 
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The phase diagram study by Rolin and Thanh [21] was built from liquidus curves obtained 
during cooling experiments made for this system. The experiments were done in argon 
atmosphere in Mo crucibles. The authors observed problems with Na2O loss, calibration at 
high temperature and reaction with crucibles. The sodium aluminate was reported to melt at 
1582 °C. This temperature differs from the temperature suggested by Schairer et al. [23] 
where the estimated temperature of the melting point was 1850 ± 30 °C. The other thermal 
arrests observed by authors were at 2003 °C, 1582 °C and 1412 °C and can be ascribed to the 
incongruent melting of β-alumina defined in that work as NaAl11O17, to the incongruent 
melting of β’’-alumina (Na2Al12O19), and to the eutectic of β’’-alumina and NaAlO2, 
respectively. A critical review of the literature data on beta-alumina and related phases done 
by De Vries and Roth [22] was finished with the proposal of two variants of the phase 
diagram shown below (Fig. 10) and the existence of at least two β-alumina-like phases: one at  
 
T
 (
 °
C
) 
 
T
 (
 °
C
) 
 
Figure 10. Two variants of the phase equilibrium diagram of the quasi-binary system 
NaAlO2-Al2O3 deduced from a critical evaluation of available data [22]. 
 
about Na2O:11Al2O3 (possible 1:9) and another in the range between 1:5 and 1:7. Each of 
these phases can exist over a composition range, but then extent of nonstochiometry and 
extent of coexistence is unknown. In case of thermal arrests at 1412 and 1582 °C the authors 
proposed a phase transformation of NaAlO2 and an eutectic region, respectively.  
The differences between both diagrams are: 
 
- in variant A 2-blocks of β-alumina (2Bβ) is metastable below about 1500 °C 
- in version B of the phase equilibrium diagram 2Bβ is stable in the complete 
temperature range up to the incongruent melting point at about 2000 °C 
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In both proposed diagrams near the composition 1:1 Na2O:Al2O3 a new polymorph δ-phase 
exists. It is stable at high temperatures and over a rather broad composition range. 
In the case of the eutectic temperature Bowen reported an eutectic at 1595 °C [24]. This 
temperature was later revised to 1585 °C [25]. They also proposed a melting point of NaAlO2 
at 1867 °C. The lower reported values of the sodium aluminate melting point can be the result 
of losses of Na2O by volatilization.Ray et al. [19] decided to synthesize sodium β and β’’-
alumina with and without MgO doping. The experiments showed that once formed β-Al2O3 is 
stable at least up to 1700 °C, β’’-alumina decomposed at 1450 °C, although the MgO-
stabilized one is stable at 1450 °C but not at 1650 °C. This temperature differs from that 
reported by Rolin et al. [21].  
One can see that in case of the Na2O-Al2O3 many discrepancies can be observed.  
 
2.2.2 Modelling of the Na2O-Al2O3 system 
The optimized phase diagram for concentrations above 50 mole percent Al2O3 was proposed 
by Eriksson [26]. The modified quasichemical model was used to represent the 
thermodynamic properties of the system. The liquidus data are fitted reasonably well. The 
eutectic was estimated at 0.63 mol Al2O3 at 1585 °C, NaAl9O14 (β-alumina) melts 
incongruently at 1975 °C. β’’-alumina is calculated to dissociate at 1443 °C (which is a 
temperature close to those observed by Rolin et al. [21] and reported by Ray et al. [19].The 
whole phase diagram of the Na2O-Al2O3 system was described by Yazhenskikh [16]. In the 
rich Na2O-concentration range (100–50 mol % Na2O), since there are no other compounds 
between sodium oxide and sodium aluminate known, a simple eutectic located close to Na2O 
is assumed to be quite reasonable. The modified quasichemical and the modified associate 
species models were used. 
 
2.3 Quasi-ternary system Na2O-Al2O3-SiO2 
 
The ternary system Na2O-Al2O3-SiO2 has been investigated because of its fundamental 
importance to a broad range of disciplines and technologies, like mineralogy, silicate 
ceramics, window glass, solid electrolytes, and synthetic zeolites. Preliminary data of melting 
relations in this quasi-ternary system have been submitted by Schairer and Bowen [27] and 
complete results of their investigation were published in [23]. From the previous study, 
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collected by Schairer and Bowen [23], it is known that the melting point of natural albite 
(NaAlSi3O8) is 1100 ± 10 °C. The melting point of pure synthetic carnegieite (NaAlSiO4) was 
determined at 1526 °C and the inversion temperature between carnegieite and nepheline at 
1248 ± 5 °C. Pure carnegieite and its solid solution have not been found as a natural mineral. 
The nepheline exists like a natural mineral but not like a pure soda one. Results from Bowen‟s 
and Greig‟s work [28] show that carnegieite is isometric at high temperatures but undergoes a 
rapid reversible transformation at 692.1 on heating and at 687.0 °C on cooling to a twinned 
low-temperature form.  
The glasses in the desired compositions were prepared in [23] from pure chemicals and were 
heated in platinum crucibles. As a source of Al2O3 – C.P. Al2O3 was used. Pure quartz and a 
very pure NaHCO3, heated to 200 °C and weighed like Na2CO3, were used as source of SiO2 
and Na2O, correspondingly. Samples in the range between Na2SiO3 and SiO2 were prepared 
readily, crystallized at once, kept dry and then used as a source in preparation of ternary 
glasses. Also some other joins were used to produce samples in this ternary system like albite 
with silica, Na2Si2O5 with albite or jadeite, Na2O·Al2O3·4SiO2, Na2O·Al2O3·2SiO2, 
Na2O·Al2O3·SiO2, Na2SiO3. 
The results of quenching experiments for about 340 synthetic compositions in this system are 
presented in the phase diagram in Fig.11. The liquidus surfaces and the fields of the primary 
phases cristobalite, tridymite, quartz, albiete, Na2Si2O5, Na2SiO3, Na4SiO4, nepheline, 
carnegieite, mullite, corundum and β-alumina are shown. Two ternary compounds appear in 
this quasi-ternary system, in addition to the solid phases, which were found in the limiting 
binary systems NaAlSi3O8-albite and NaAlSiO4-nepheline/carnegieite. Albite has a congruent 
melting point at 1118 ± 3 °C and shows little or no solid solution. The second compound has 
two crystalline forms. Nepheline is stable below 1254 ± 5 °C and is carnegieite stable up to its 
congruent melting point at 1526 ± 2 °C [23]. 
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Figure 11. Equilibrium diagram of the system Na2O-Al2O3-SiO2 with fields of the primary 
crystalline phases, isotherms and temperatures of binary and ternary invariant points (after 
[23]). 
 
There are eight quasi-binary systems within the quasi-ternary system Na2O-Al2O3-SiO2 as 
follows: 
 
- albite (NaAlSi3O8)-silica  
- sodium disilicate (Na2Si2O5)-albite  
- albite-corundum (Al2O3) 
- nepheline/carnegieite (NaAlSiO4)-albite 
- sodium metasilicate (Na2SiO3)-nepheline/carnegieite 
- sodium disilicate-nepheline/carnegieite 
- carnegieite-corundum 
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- carnegieite-sodium aluminate (NaAlO2). 
 
In the first from eight subsystems NaAlSi3O8-SiO2 the eutectic was indicated and the 
preliminary value of the eutectic temperature was given as 1115 °C by Schairer et al. [29]. 
Schairer [25] revised this value and showed the eutectic between albite and tridymite at 1062 
± 3 °C. The measurements from Schairer [23] showed that all glasses in this subsystem were 
extremely viscous and it took many months to a year to crystallize these dry melts. The 
eutectic temperature was located by giving an additional amount of albite or cristobalite 
crystals into two samples with composition situated near to this binary subsystem. In this 
system it was not possible to crystallize tridymite, and cristobalite crystals persisted at a 
temperature below 1470 ± 5 °C, where the stability range of tridymite is. The results of this 
measurement are presented in Fig. 12. 
 
 
Figure 12.  Quasi-binary system albite-silicon dioxide [23]. 
 
In the second subsystem sodium disilicate-albite, only glasses with a composition higher than 
90% of albite were viscous and difficult to crystallize. Four of the preparations in the binary 
subsystem were crystallized completely and therefore the eutectic line was located easily at 
767 ± 3 °C and the eutectic at a composition at 38% albite and 62% sodium disilicate. Results 
are shown in Fig. 13. 
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Figure 13. Quasi-binary system sodium disilicate-albite [23]. 
 
In the case of the subsystem albite-corundum all compositions in this range were difficult to 
crystallize. The binary eutectic was estimated at 1108 ± 3 °C at a composition of 98.5% of 
albite and 1.5% of corundum from quenching runs of a month‟s duration on these 
preparations. The stable corundum liquidus was determined at 1611 °C. The results are 
graphically presented in Fig. 14. 
 
 
Figure 14. Quasi-binary system albite-corundum [23].  
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The results of the experimental investigation of phase equilibrium relationships in the system 
Na2O·Al2O3·2SiO2 (nepheline/carnegieite)-Na2O·Al2O3·6SiO2 (albite) at atmospheric 
pressure, over a temperature range of about 500 °C were presented by Greig and Barth [30] 
and their equilibrium diagram is shown in Fig. 15. A series of homogenous glasses was 
prepared from silica (crushed quartz), alumina and soda (sodium carbonate monohydrate). 
The melting temperature of pure albite (synthetic one) was fixed by finding a temperature at 
which crystals of albite melt to an albite liquid and a second temperature at which crystals 
grow in an albite liquid. From the investigation data it seems that crystals of albite in an albite 
liquid persist for a long period of time at temperature above the melting point, which lies 
between 1115-1120 °C, probably at 1118 °C. The previous value was established on natural 
material and was 1100 ± 10 °C (see citation in [30]).  
 
 
Figure 15. Quasi-binary system nepheline/carnegieite-albite [30].  
 
The melting temperature of carnegieite has also been bracketed and was established at 1526 
°C, because observations showed that the melting point lies closer to 1527° than to 1524 °C. 
The eutectic point between carnegieite/nepheline and albite was found by intersection of the 
liquidus of albite with that of nepheline. Independent evidence on the temperature was 
obtained by finding a temperature at which melting occurred in originally crystalline charges 
of the two preparations (74.3 and 84.2 percent of albite) closest to the eutectic in composition 
(76 percent of albite), and another temperature at which it did not occur. The measurements 
with these two samples were made at 1063 and 1072 °C. In case of the first temperature no 
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sign of melting was observed and at 1072 °C mostly glass or good deal of glass was observed.  
Therefore, the eutectic temperature has been placed at 1068 ± 5 °C.  
Nepheline and carnegieite take up a limited amount of albite in solid solution, about 34 
percent and 14.5 percent, respectively. The albite takes up about 4% of nepheline in solid 
solution.  
In the case of the nepheline/carnegieite inversion, the temperature was determined by 
complete crystallization of the glass samples to carnegieite and to nepheline. The inversion 
temperature of the pure end member was found to lie between 1259 and 1249 °C. With 
increasing silica content the temperature of the inversion rises to about 1280 °C. The change 
did not take place at a single temperature but over a range of temperatures as it is shown in 
phase diagram (Fig. 15). Unfortunately, the data do not define well the width of this field. 
In this quasi-binary system between nepheline and albite lies the composition of jadeite-
Na2O·Al2O3·4SiO2, but no crystals of this compound were found in any preparation in that 
work [30]. That doesn‟t prove its instability. More other experiments have shown that as low 
as 800 °C decomposition of white jadeite from Burma was observed. When these samples 
have been heated at 1015 °C it was completely converted into glass and nepheline crystals 
what was sufficient to support the conclusion that under the conditions represented by the 
equilibrium diagram jadeite is unstable. 
The results of quenching experiment in the system Na2SiO3-NaAlSiO4 were presented by 
Tilley [31]. This quasi-binary system is complicated by the carnegieite/nepheline conversion 
and the present of limited solid solution. The carnegieite liquidus is relatively flat near the 
pure component and becomes much sheerer around 15% sodium metasilicate (Fig. 16). The 
nepheline liquidus is practically straight. The eutectic with Na2SiO3 is at 53.25% Na2SiO3 at a 
temperature of 906 °C. Pure carnegieite has a reversible inversion at 1248 °C [32] but in this 
quasi-binary system nepheline has an inversion interval expending from 1163 to 1248 °C, 
which is probably a consequence of solid solution of sodium metasilicate in carnegieite [31].  
The carnegieite solidus wasn‟t determined accurately. The position of it was fixed only by a 
few points and is shown in the Fig. 16 as a dotted curve. The solid solutions exhibit both a 
melting and an inversion interval. By increasing the temperature from 1163 °C one can 
observe two situations, first - where nepheline disappears with increasing the temperature and 
carnegieite mix crystals (solid solution of Na2SiO3 in carnegieite) and liquid coexist up to the 
temperature of liquidus (the range from about 68 to 76% NaAlSiO4); and the second one – 
from 76 to 100% NaAlSiO4) where at the same temperature (1163 °C) carnegieite appears and 
liquid disappears. Inversion to carnegieite is complete when the upper limit of the inversion 
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interval is achieved. Then only carnegieite mix crystals are stable and the liquid begins to 
form again when the temperature of the solidus is reached. 24% of sodium metasilicate is the 
limit of solid solution. 
 
 
Figure 16. Quasi-binary system sodium metasilicate-nepheline/carnegieite [31]. 
 
In the subsystem sodium disilicate-carnegieite/nepheline, which was studied by Tilley [31], 
the carnegieite liquidus has a similar shape as carnegieite liquidus has in the system with 
sodium metasilicate. However, it is less steep at a lower portion of pure carnegieite. The 
slopes of the nepheline liquidus curves are practically identical in these two systems. The 
liquidus lines from carnegieite and nepheline intersect at 1248 °C.  Quenching experiments 
made upon mixtures with 80 or more percent NaAlSiO4 at temperature close to 1250 °C 
confirm unchanging of inversion temperature. The binary eutectic lies at 71% Na2Si2O5 at a 
temperature of 768 °C. There is no solid solution in this binary subsystem. The results of this 
study are presented in Fig. 17.    
The subsystem carnegieite-corundum is presented graphically in Fig. 18. Because of the 
presence of some β-Al2O3 in all the crystallized glasses made in this subsystem it was difficult 
to locate the temperature of the binary eutectic. It was finally established from the quenching 
data of two samples and it is placed at 1475 ± 10 °C at a composition of 93% NaAlSiO4 and 
7% Al2O3. 
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Figure 17. Quasi-binary system sodium disilicate-carnegieite/nepheline [31]. 
 
 
Figure 18. Quasi-binary system carnegieite/nepheline-corundum [23]. 
 
The last subsystem, carnegieite-sodium aluminate, was difficult to prepare because of 
problems with preparation of perfectly homogeneous glasses and soda loss during 
preparation. None of these preparations had precise composition and therefore liquidus values 
do not make a smooth curve. These data, far from satisfactory, gave a possible relation in the 
system which is presented graphically in Fig. 19, a continuous solid solution expending 
between the end members.  
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Figure 19. Quasi-binary system carnegieite-sodium aluminate [23]. 
 
Subsequently, a detailed study of the sodium aluminate-carnegieite system at temperatures 
between 800 and 1300 °C has been made by Thompson et al. [33, 34] and has revealed five 
previously unreported phases. The samples were prepared by using colloidal silica to a 
concentrated aqueous solution of sodium and aluminium nitrates to form a gel, which was 
later dehydrated, grinded, pelleted and fired. This method, so-called sol-gel synthesis, was the 
best one to reach the equilibrium in this range, although sluggish kinetics made difficulty in 
achieving equilibrium. The five new phases of intermediate composition which were reported 
in this work have β-cristobalite-related structures like both end members of this quasi-binary 
system. Therefore, in one sense the phase diagram proposed by Schairer et al. [23] is right.  
The phase relationships at 1300 °C in the system Na2-xAl2-xSixO4 (0 ≤ x ≤ 1) are: 
 
at x ≈ 0.05 – a γ-NaAlO2-type structure, 
at x ≈ 0.2 – 0.45 – an orthorhombic KGaO2-type structure, except x ≈ 0.35 where new 
tetragonal phase were observed, 
at x ≈ 0.5 – 0.6 – a new cubic phase, 
at x ≈ 0.7 – 0.9 – a new orthorhombic phase. 
 
It is also quite possible that reversible nonreconstructive phase transitions occur for the 
intermediate phases (like they occur for the end members) and the low-temperature structures 
can be observed.  
In the ternary system formed by the compounds Na2SiO3, NaSi2O5 and NaAlSiO4 (see Fig.11) 
one can observe four fields in which the primary phases are sodium metasilicate, sodium 
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disilicate, nepheline and carnegieite. Three boundary curves fall down from the binary 
eutectics to a ternary eutectic, which is placed at a composition of 32% Na2O, 10.1% Al2O3 
and 57.9% SiO2. The temperature of this ternary eutectic is 760 °C. The ternary eutectic in the 
system albite-sodium disilicate-silica is situated at 740 ± 5 °C and 21.5% Na2O, 47% Al2O3 
and 73.8% SiO2. Also one ternary invariant point in the system NaAlSiO4-NaAlSi3O8-
Na2Si2O5, the eutectic, is situated at 732 ± 5 °C and 26% Na2O, 12.5% Al2O3 and 61.5% 
SiO2. In the ternary system corundum-albite-silica there are two ternary invariant points – the 
ternary eutectic (1050 ± 10 °C; 7.8% Na2O, 13.5% Al2O3 and 78.7% SiO2) and the ternary 
reaction point (1104 ± 3 °C; 11.2% Na2O, 20.0% Al2O3 and 62.4% SiO2). With perfect 
equilibrium between crystals and liquid all compositions lying in the triangle albite-
corundum-mullite become completely crystalline in this point. In the triangle albite-mullite-
silica, all compositions become completely crystalline at the temperature of the ternary 
eutectic. The ternary system corundum-albite-nepheline/carnegieite has also two ternary 
invariant points, the ternary eutectic at 1063 ± 5 °C 13.8% Na2O, 23.8% Al2O3 and 62.4% 
SiO2 and the inversion point at 1270 ± 10 °C 17% Na2O, 29.5% Al2O3 and 53.5% SiO2. In the 
field of nepheline and carnegieite the crystals are not pure NaAlSiO4 but limited solid 
solutions between NaAlSiO4 and NaAlSi3O8. 
 
2.4 Quasi-quaternary system Na2O-K2O-Al2O3-SiO2 
 
There is only a little information about quasiquaternary system Na2O-K2O-Al2O3-SiO2 given 
in literature. Some data can be found for the binary subsystems K2O-SiO2 [35], K2O-Al2O3 
[36, 37, 38], Al2O3-SiO2 [39, 40, 41], and for the ternary subsystems K2O-Al2O3-SiO2 [27, 42, 
43] or K2SiO3-Na2SiO3-SiO2 [44].  
In the system with all four components information is given about the subsystem – NaAlSiO4-
KAlSiO4 [24]. The sodium nepheline was prepared by mixing together Na2CO3, Al2O3 and 
SiO2 and repeated sintering, regrinding and subsequently melting. During the potassium 
nepheline preparation many difficulties were observed because of the potash volatility. The 
composition of this component had moderate deficiency in potash. The intermediate 
compositions were prepared by mixing the alkaline carbonates, silica and alumina. In the high 
KAlSiO4 range a little alkali loss was observed.  
The inversion temperature and melting point of NaAlSiO4 were confirmed. The potash 
compound exists in two forms, kaliophilite (isomorphous with nepheline) and an orthorombic 
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form which is stable at temperatures above 1540 °C and melts close to1800 °C. The potash 
compound has a eutectic with sodium carnegieite at 1404 °C. With nepheline it forms a series 
of solid solutions. 
A continuous series of solid solutions exists also in system KAlSi3O8-NaAlSi3O8 investigated 
by Schairer [25]. The minimum on melting and freezing curves between both alkali feldspars 
is at 1063 ± 3 °C and 35 mass % of potash feldspar. The alkali-feldspar compositions with 
more than 49 mass % of potash feldspar melt incongruently (at about 1078 °C) and the leucite 
crystals are present in equilibrium with liquid. Potash feldspar melts incongruently at 1150 ± 
20 °C. 
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3 Knudsen Effusion Mass Spectrometry (KEMS) 
3.1 General aspects 
 
The Knudsen effusion method for vapour pressure measurements rests upon the pioneering 
research of Martin Knudsen and since the early 1900s has been used by many researchers. 
During Knudsen‟s studies of effusion through the near-ideal and cylindrical orifices and using 
the kinetic theory of gases, he found out that too much sample effused through the orifice 
when pressures of the effusing gas was high [45].  
 
The first use of mass spectrometry for determination of physico-chemical data was done by 
Chupka and Inghram, and Honig to study the free vaporization of carbon. Nowadays, the 
Knudsen Effusion Mass Spectrometry is often applied to the investigation of the 
thermodynamic properties of widely used in technical applications materials such as metal 
oxides, high temperature ceramics, nuclear fuels, superconductors, glasses, corrosion layers 
and superalloys. Information about the study of metal oxides by KEMS can be found in works 
from Hilpert [46] or Stolyarova and Semenov [47].  
 
3.2 Principles of the method 
 
The Knudsen effusion mass spectrometry method consists of the mass spectrum analysis of a 
molecular beam effusing through the effusing orifice of the Knudsen cell. The area of the 
orifice should be so small, that the thermodynamic equilibrium in the cell is not disturbed due 
to loss of vapour from the cell. Therefore, the composition of effusing gaseous species is 
representative of the equilibrium vapour inside the Knudsen cell. 
The amount of a species i of the sample effusing through the orifice per time, dm(i)/dt, is 
related to the partial pressure of these species according to the Hertz-Knudsen equation: 
 
RT
iMiCqp
td
idm
2
)()()(
  (1) 
 
with:  
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p(i) – partial pressure of the species i 
C – Clausing factor of the orifice (it describes the probability of leaving the Knudsen 
cell by the species reached the effusion orifice area and its value depends on geometry 
and size of the orifice) 
M(i) – molar mass of the species i 
T – cell temperature 
R – gas constant. 
 
The total mass loss is the sum of mass losses of various species and can be determined by 
weighing the cell on a thermobalance or by controlling the mass of condensates which are 
leaving the cell. 
 
 
 
Figure 20. Schematic representation of the Knudsen cell mass spectrometer system. 
 
Fig. 20 [68] shows a schematic representation of a mass spectrometer coupled with a Knudsen 
cell. Due to temperature the sample (6) is vaporized from the cell (5) and is converted into a 
molecular beam (2). In the ion source (3) ions are formed by ionization and fragmentation 
processes due to bombardment with electrons. The rest of molecules are caught by a “cold 
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finger” (1) which is located above the ionization box. Different molecules have specific 
molecular weights and this fact is used in the mass spectrometer – the electric field (7) 
accelerates the ions and the magnetic field (8) separates them by their mass per charge ratio 
(m/z). The final parts of the mass spectrometer are the detectors (9), like an electron 
multiplayer or a Faraday cup (for ions with higher intensities). They record the charge 
induced or current produced when accelerated curved ions pass by or hit the surface of the 
mass analyzers. The temperature of the Knudsen cell is controlled with a thermocouple or an 
optical pyrometer. 
The quantities measured in the course of an investigation by Knudsen effusion mass 
spectrometry are intensities of j-ion currents originating from ionization or fragmentation of 
the neutral species i, I(j,i), and the temperatures of the Knudsen cell. 
The potential of Knudsen effusion mass spectrometry can be summarized as follows [46, 48, 
49]: 
 
 all major and minor gaseous species present in the equilibrium vapour over a sample 
can be identified 
 the partial pressure of the gaseous species can be calculated in the range – depending 
on the instrumentation – but typically between 10-5 Pa to 10 Pa 
 thermodynamic properties of gaseous molecules (enthalpies and entropies of such 
processes like dissociation, vaporization and formation) and condensed phases 
(thermodynamic activities, Gibbs energy of formation) can be computed from partial 
pressures determined over some temperature range. 
 
The restriction, that the maximum total pressure in the Knudsen cell should not exceed 10 Pa 
is the main disadvantage of the KEMS method. Further limitations of the method are melting 
and vaporization of the cell material at high temperature and chemical interaction between 
cell and a sample which is investigated. The maximum investigation temperatures are limited 
to values between 2300 K and 2800 K. 
 
3.3 Knudsen cell 
 
An important consideration in the design of a Knudsen cell is to make certain that the 
temperature is uniform throughout the inner cavity where evaporation takes place and the 
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region where the temperature is measured [48]. It consists of two more or less symmetric, 
heavy (compared with the sample), tight-fitting parts which should mate with a joint that is 
either tapered, well ground and friction-fitted, screwed, or welded what avoid temperature 
gradients or gas leaks and retard creeping of fluid samples through the cell joint. 
The second problem, especially during investigation of oxide systems, is interactions with the 
cell material [47] such as a reaction of the cell material with the vaporization product, oxygen 
diffusion through the cell material, chemical reduction of the sample by the cell material or 
formation of new compounds during contact of the sample with the material of the cell. 
The most commonly used cell materials are: Pt, Mo, W, Ir, Re. All of them have some 
limitations like low melting temperature (Pt), problem with mechanical treatment (Ir), costs or 
non-inertia (Mo, W, Re).  
Regarding the orifice in the cell, the Clausing factor, C (Eq. (1)), should be one. And such 
situation is fulfilled in the cell with knife-edged opening in an infinitely thin lid (Fig. 21). 
 
 
Figure 21. The scheme of Knudsen cell. 
 
3.4 Identification of gaseous species 
 
The ions present in the mass spectrum are identified by standard procedures including the 
measurements of the mass per charge ratio and of the isotopic distribution.  In Fig. 20 one can 
see an aperture (4) – above is a moveable shutter which closes it. When the shutter is open 
one can observe the intensity of ions formed from the effusing vapour and those formed from 
the gases which exist in the ion source of the mass spectrometer. With closed shutter one can 
observe only ions formed from residual in the system gases. In that way it is possible to 
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decide which ions are coming from the cell and which are the background of the measured 
signals. 
In case of quantitative correlation of ions into their neutral precursors one can have some 
difficulties due to fragmentation and the complex vapour composition. There are some useful 
rules which can be applied during attribution [46]: 
 
 the intensities of ions coming from the same neutral molecule generally show the 
same temperature dependencies 
 the appearance potential of molecular ions formed by simple ionization are generally 
smaller than those of fragments from the same neutral precursor, they increase with 
increasing degree of fragmentation 
 the shape of ionization efficiency curves can indicate fragmentation 
 homologous gaseous species show similar fragmentation patterns. 
 
Deviations from the first two rules are possible when the temperature dependent 
fragmentation takes place or the negative ions are formed, respectively. 
 
3.5 Partial pressure 
 
During the vaporization process the partial pressures of the species i, p(i), at the temperature 
T can be obtained from the equation:  
 
 TijI
i
kip ),(
)(
1
)( 

 (2) 
 
with 
 
),( ijI  – sum of the intensities of the ion currents j originating from the molecule i 
k – pressure calibration factor, specific to each measurement and includes geometric 
factors for the cell an ion source arrangement. 
)(i  – ionization cross-section of the molecule i 
T – temperature. 
 
When ion j has few isotopes, the most intensive one is usually measured and then the intensity 
is recalculated to 100% of all the isotopes using the known isotopic distribution.  
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3.5.1 Pressure calibration factor 
The pressure calibration factor, k, can be determined by [46]: 
 
- measurement of a substance, of which the partial pressure of vapour at the temperature 
T is well known. Applying Eq. (2) the ratio k/σ(i) can be obtained and when the 
relative ionization cross section is known, σ(i)/σ(m), one can calculate the partial 
pressure of other gaseous species m from Eq. (2). It is the most used one 
- the second method uses the information about quantitative vaporization of the studied 
sample. The mass loss rate dm(i)/dt of a substance i, effused out from the Knudsen cell 
at a temperature T is determined by weighing and compared with the measured 
intensity of ion current coming from the effusing species i. Applying Eq. (1) and (2) 
the pressure calibration factor is defined with the following equation 
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- the third, rarely applied  (because of small accuracy of the pK value) method uses a 
value of the equilibrium constant of the well-established gaseous, pressure dependent 
reaction like the example giving below 
 
A2(g) = 2A(g) (4) 
 
for which the equilibrium constant  is known and giving by equation 
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3.6 Thermodynamic properties of the condensed phase 
 
The thermodynamic activity is one of the thermodynamic properties which can be computed 
for the condensed phase. The easiest way to determine the activity of the component i in a  
multicomponent system with the aid of Knudsen effusion mass spectrometry is consequently 
comparison of measured partial pressure of the species i over the system, p(i), and over the 
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pure component i, p°(i). Then, the thermodynamic activity of component i, a(i), determined at 
the same temperature is as follows: 
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As soon as the measurements are done under the same conditions (the same geometry of cell 
and the same intensity of mass spectrometer) k is equal k’ and equation (6) can be simplified 
to: 
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Another property of the condensed phase – the Gibbs energy of formation, ΔfG°, of the solid 
phase AmBn(s) formed from the pure solid substances A(s) and B(s) in reaction: 
 
mA(s) + nB(s) =  AmBn(s) (8) 
 
can be calculated from the activities of pure components according to the relation: 
 
)}()(ln{),,( BaAaRTTsBAG nmnmf  . (9) 
 
3.7 Thermodynamic properties of the gaseous species 
 
The equilibrium constants, Kp°, as well as the enthalpy and entropy changes of the 
investigated reactions at the mean temperature can be determined from the partial pressures 
and their temperature dependences by the use of the equation: 
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with:    
 
vi – stoichiometric coefficient of the reaction  
p° – standard pressure (105 Pa). 
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From the value of equilibrium constants it is possible to calculate the Gibbs energy functions 
as follows:  
 
)(ln)( TKRTTG pr   (11) 
 
or 
 
)()()( TSTTHTG rrr   (12) 
 
where R is the gas constant, 8.314 J/(mol·K). 
 
The enthalpy changes,  ΔrH°, can be determined in two ways – by using second and third law 
method. In the first case one is using the van‟t Hoff‟s isobar:  
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where Tm is the temperature of the measurement; and in practice, the values of coefficient A 
and B obtained for the temperature dependency of equilibrium constants:  
 
BTATK p  /)(ln  (14) 
 
allow to calculate the enthalpy (ΔrH°) and entropy changes (ΔrS°) by the use of the following 
relations: 
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The foregoing equations are true as long as Eq. (14) has a linear character. 
Evaluation of enthalpy changes of the reaction according to the third law method can be done 
by the use of the equation: 
 
 )(ln)298( TGEFKRTH rpr   (17) 
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where the change of Gibbs energy function of the considered reaction, ΔrGEF°(T), can be 
calculated from the Gibbs energy function of all reactants. The GEF°(T) values are tabulated 
for many compounds and in different phases of them, at different temperatures. 
The compatibility of both enthalpy values confirms the correctness of the experiments, made 
calculations and applied thermodynamic function of reactant. Therefore, both methods should 
be use for calculation. 
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4 Methods and apparatus 
4.1 Knudsen effusion mass spectrometry (KEMS) 
4.1.1 Apparatus 
The vaporization studies of samples of the quasi-ternary and quasi-quaternary systems Alk2O-
Al2O3-SiO2 (where Alk = Na and Na + K) were carried out using a Knudsen effusion mass 
spectrometer MAT 271 type with 90° magnetic field (Finnigam MAT, Bremen, Gemany), a 
completely computer-controlled one. It allows the identification of gaseous phase components 
in the range from a 10
-7
 to 10 Pa at temperatures up to 2700 °C. 
The high vacuum in this spectrometer is achieved by applying for and high vacuum pumps. In 
the furnace compartment the turbomolecular pump is placed, it pumps from atmospheric 
pressure (which is the effect of opening a mass spectrometer when sample is changed) to high 
vacuum of 10
-4
 to 10
-5
. This compartment is separated from the rest of spectrometer by the 
moveable shutter, which makes it possible to open the spectrometer without shutting down the 
ion source electronics. The next three ion sorption pumps and the “cold finger” (cold trap, 
filled with liquid nitrogen) help to receive high vacuum in the ion source part of the 
spectrometer. The orifice of the Knudsen cell is placed in right position due to mechanical and 
optical agreement.  
During the vaporisation measurements the cell was heated up in two ways:  
 
 up to ca. 900 °C with a tungsten resistance wire 
 at higher temperature, the system switched automatically and the heating took place 
by electron bombardment (a voltage of 1030V was applied). 
 
The effusion orifice of the Knudsen cell was 0.3mm. The cell was made of iridium. An outer 
tungsten crucible was placed outside of this cell (Fig. 21).  
The vapour species effusing out were ionized by electron bombardment with electron energy 
70eV emitted from a tungsten cathode heated with current of 1 mA.  
The temperature of the sample was measured in a cylindrical hole bored in the bottom part of 
the outer tungsten crucible by an automatic pyrometer of ETSO-U type (Dr.Georg Mauer 
GmbH, Kohlberg, Germany). The pyrometer was calibrated in situ at the melting point of 
silver and nickel. 
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4.1.2 Experimental 
The initial temperature of the vaporization measurements was typically the highest 
temperature of a run (around 1800 K). The measurements of the ion current intensities were 
subsequently performed at different decreasing temperatures. Finally, when the lowest 
temperature was reached, the different (usually 5) temperatures in the same range were 
repeated for the purpose of checking the reproducibility of measurements.  
The ion currents recorded in the mass spectrum were identified by their mass, by the shutter 
effect, which allowed distinguishing the ions coming from cell and the background, and by 
their isotope distribution. 
 
4.1.3 Temperature calibration 
The pyrometer was used for temperature measurements. It was calibrated in situ at the 
melting point of Ag and Ni. A short explanation of this procedure is given exemplarily to an 
Ag measurement.  
During the calibration procedure the intensity of Ag
+
 ions is recorded as a function of time. 
The temperature of the cell is changing from one to another value in a range below and above 
the melting point give in literature. At the melting temperature, the intensity of silver ions, 
Im(Ag
+
),  is arrested for some time and one can observe a characteristic plateau of the signal – 
the constant partial pressure of Ag is observed due to appearance of a second phase in the cell 
(liquid appeared). After some time, the intensity of Ag ions is continuously going up (or down 
during cooling) into value adequate for the temperature (Fig. 22).  
 
 
Figure 22. The calibration curve of the pyrometer – silver. 
melting 
point 
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At the melting point, the intensity of silver ions corresponds exactly to the well known 
literature value of the melting point of Ag – 962 °C. The real temperature can be calculated 
from the value of the melting point (Im(Ag
+
), 962 °C) and measured ion current intensities 
before and after the characteristic plateau using literature data of sublimation and vaporization 
enthalpy at the melting point, respectively.  The exact description of calculation which one 
should make to calibrate the pyrometer can be found in ref. [50, 51]. From each heating and 
cooling measurement one can obtain two corrections of temperature. The temperature 
correction, ΔTcorr, as arithmetical mean of several values of heating/cooling series can be 
calculated. For each element the values of temperature correction were determined 
independently. As a result of such calibration procedure one can receive the equation for 
temperature correction in the range 930-1490 °C. If some sample measurements were done in 
a temperature range different from the preceding range, the correction was extrapolated. 
The calibration measurements were done before and after the series of vaporization 
measurements. 
 
4.1.4 Ionization cross-sections 
The values of ionization cross-sections, σ(i), for the gaseous species used in this work are 
given in Table 2. They were found in ref. [52, 53, 54, 55, 56]. 
 
Table 2. The ionization cross-sections. 
 
i σ(i) 
Ag 5.35 
Ni 5.08 
Na 3.5 
NaO 2.275 
Na2O 7.35 
K 5.3 
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4.1.5 Partial pressure calibration 
The pressure calibration factors were calculated from current intensities of ions of Ag and Ni 
at their melting temperatures independently from Eq. (2). The values are summarized in Table   
3. The average values – 8.8908 E-8 – were taken for later calculations.  
 
Table 3. Values of calibration factors. 
 
 k 
Ag 4.34E-08 
Ni 1.34E-07 
 
 
4.1.6 Partial pressure of oxygen 
The direct measurement of oxygen partial pressure by mass spectrometry is in many cases 
difficult because the oxygen is in the system as a permanent gas. A large background exists at 
m/z = 32 (O2
+
) in the mass spectrum. To avoid errors the experimental oxygen intensity was 
taken into further calculation if the background was less than 50% of the total measured 
intensity. In other cases the partial pressure of oxygen was calculated by assuming congruent 
vaporization. The results of the calculation were compared with the experimental data 
received for I(
16
O2
+
). 
For metal oxides like MxOy which vaporize forming gaseous species such as M, MO, M2O, 
O2 and O, the principle of congruent vaporization is, if there is no interaction between the 
vapours and the material of cell, that the total molar ratio of M-atoms to O-atoms effusing 
from the Knudsen cell is defined as 
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The total mole number of M-atoms effusing from the Knudsen cell forming different gaseous 
species can be expressed according to the Knudsen effusion equation (Eq. (1)) as  
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and the same equation can be written for the O-atoms effusing from the cell in the form of 
different O-containing gaseous species 
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The reverse relation of M and O atoms lead to the equation: 
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The only unknown values in this equation are the partial pressure of atomic and molecular 
oxygen, p(O) and p(O2), respectively. If the partial pressure of some gaseous species is low in 
comparison to the others, it can be ignored in Equation (21). If the partial pressure of O and 
O2 are similar the dissociation of oxygen should be taken into account. It depends on the 
temperature and the total pressure of oxygen and can sometimes be neglected in the 
calculations. 
The relation between molecular and atomic oxygen can be expressed by the equilibrium 
constant of the dissociation reaction:  
 
O2 = 2O (22) 
 
which can be found in the FACT database [57].  
 
4.1.7 Thermodynamic activity in ternary and quaternary oxide systems 
The study on sodium and potassium containing slag systems gave the vaporization data for 
synthetic-ternary and quaternary oxide mixtures. 
During congruent vaporization of alkali oxides from the slag systems at the temperature of the 
measurement the alkali oxides decompose into oxygen and alkali metal in the gas phase: 
 
Na2O(s, l) = 2 Na(g) + 0.5 O2(g) (23) 
 
K2O(s, l) = 2 K(g) + 0.5 O2(g) (24) 
 
The intensity of other gaseous species vaporizing from the slag is low and can be neglected. 
The equilibrium constant Kp° of the reaction (23, 24) is  
4 Methods and apparatus 
 
 
 - 42 - 
2
12
2
1
2
2
2
)()(
pa
OpAlkp
K
OAlk
p


  (25) 
 
with Alk = Na or K. 
From this relation the activity of the alkali oxides in the multicomponent system can be 
calculated as 
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The data for Kp° can be found in the FACT [57] or in another database. 
The partial pressure of oxygen can be calculated from the measured intensities of oxide ions 
or if the background is high (as described in the previous chapter) it can be calculated. The 
oxygen partial pressures are coupled stoichiometricaly with the partial pressures of the alkali 
metals according reactions (23, 24) as  
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Then equation (26) simplifies to  
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Stolyarova [49] described that a reasonable agreement of values is obtained by using this kind 
of calculation and by using another method or technique (e.g. e.m.f.) for calculating the 
activities of alkali oxides both in binary and, probably, in multicomponent silicate systems. 
 
4 Methods and apparatus 
 
 
 - 43 - 
4.2 Differential Thermal Analysis and simultaneous Thermo Gravimetry 
(DTA/TG) 
4.2.1 Principles of the method 
Differential Thermal Analysis belongs to the group of Thermal Analysis techniques. It is the 
simplest and most widely used technique which involves heating (or cooling) a test sample 
and an inert reference sample under identical conditions and records every temperature 
difference which develops between them [58]. This differential temperature is then plotted 
against time or temperature.  
In Fig. 23 the block diagram of a DTA apparatus is presented: 
 
 
Figure 23. Block diagram of a DTA apparatus 
 
with: 
 
1. sample holder-measuring system – it comprises the thermocouples and sample 
containers. The sample holder consist of an Al2O3 ceramic with threaded 
thermocouples – usually type S (Pt/Pt+10%Rh; up to 1600 °C) – for the sample and 
reference. The sample and reference are contained in a small crucible which should be 
made of a material which is inert with respect to the sample under investigation.  
2. furnace – high temperature one, for temperatures up to 1600 °C – STD SiC and up to 
1700 °C – STD Kanthal 3. 
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3. reaction chamber for various atmospheres or vacuum – ceramic tube which forms a 
complete closed reaction chamber around the sample. 
4. temperature programmer – supplying energy to the furnace in the reproducible 
(preferable linear) rate of change of temperature. The temperature of the system is 
measured on the reference side. 
5. mechanic balance with electromagnetic compensation.  
6. data acquisition system – indicating and recording the equipment signals. All 
information of the measurement like time, furnace temperature, and reference 
temperature, differential signal between reference and sample, and weight change are 
accumulated on a storage unit. The software helps to determine the transition 
temperature or weight loss for each signal and calculates the peak area for enthalpy 
calculation. 
 
Simultaneously with thermal analysis of a test sample, measurement of changes in sample 
mass with temperature can be also made using a thermobalance – so called thermogravimetry 
analysis (TG). TG is a quantitative and dynamic technique and many factors can affect its 
curve shape like the temperature gradient, air buoyancy or convection flows within the 
reaction chamber. Therefore, a correction curve should be measured to compensate so called 
buoyancy effect.  
As long as there is no temperature change in the sample the difference is zero (ΔT = 0, so 
called baseline), according to the equation 
 
ΔT = Tr - Ts (29) 
 
with:  
 
Tr – temperature of reference sample (Tr ≈ Tf, where Tf is the temperature of the furnace) 
Ts – temperature of sample. 
 
Any physical or chemical change occurring to the test material which involves the evolution 
of heat (such as crystallization) will cause its temperature to rise temporarily above that of the 
reference material – the sample is warmer than the reference (ΔT < 0) thus giving rise to an 
exothermic peak on the DTA plot. And during a process which is accompanied by the 
absorption of heat (such as melting) will cause the temperature of the test sample to lag 
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behind that of reference one which follows the heating program, leading to an endothermic 
peak (ΔT > 0).  
The main thermal events, which can be measured, are phase transition, melting, sublimation, 
decomposition (thermal and radiolytic), glass transition, oxidation, combustion, volatilization, 
catalysis, addition or double decomposition [59]. DTA can be also used to study transitions in 
which no heat is evolved or absorbed by the sample, as may be the case in solid-solid phase 
changes. The difference in the heat capacity of the sample before and after transition is 
established between the measured and test samples. The base line of the differential thermal 
curve will show a sudden discontinuity of the transition temperature, while the slopes of the 
curve in the regions above and below this temperature will usually differ significantly. 
To find the transition temperature one uses the standard technique of the extrapolated onset 
[58]. This is a geometrical and mathematical operation where the baseline is linear 
extrapolated and a tangent is constructed through the deviation point of the rising edge of a 
peak. Both lines cross in the onset point which is the base for the transition temperature 
determination on differential thermal analysis curves (Fig. 24). 
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Figure 24. DTA responses to melting (and freezing) with onset temperature. 
4.2.2 Experimental procedure 
The conditions suggested to determine phase or structure transitions are as follows: 
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 Use as small mass as practicable. The mass of sample which can be used for 
measurement should be kept to a minimum because some problems arise with 
increasing the mass of sample [59]. The temperature of the sample becomes non-
uniform through slow heat transfer and through either self heating or self cooling as 
reaction occurs. In addition, the exchange of gas with surrounding atmosphere is 
reduced. These factors may lead to irreproducibility. On the other hand the mass of 
sample should be high enough to reduce the peak from impurities into minimum.  
 If the sample is small, an empty container can be placed as a reference cell. 
 The heating or cooling rate shouldn‟t be too high. In general, heating or cooling rates 
in the region of 5 °C/min are commonly used. 
 If one starts an experiment with a solid sample, first the temperature should raise until 
the melting endotherm is complete, and then sample should be cooled at the same rate 
to obtain the freezing exotherm. 
 
4.2.3 Temperature calibration of DTA apparatus 
Because differential thermal analysers differ widely in their design, constructional materials 
and methods of temperature measurement, ICTA decided to choose the standard reference 
material and the equilibrium transition temperatures which are recommended for calibration  
 
Table 4. Reference materials with their transition temperatures (
a
 – material 760 NBS-ICTA 
Standard reference). 
 
Reference material Transition temperature/ °C Transition effect 
Au 1064 freezing/melting point 
Ag 962 freezing/melting point 
SrCO3
a 
928 structure change 
BaCO3
a 
808 structure change 
K2CrO4
a 
665 structure change 
K2SO4
a 
582 structure change 
SiO2
a 
571 structure change 
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of differential thermal analysers. The substances are reasonably stable and are available in a 
high state of purity. Recommended standards materials for temperature calibration in the 
range of 570 °C - 940 °C (material 760) are given in the Table 4 [58]. 
4.2.4 Determination of phase diagrams 
The records obtainable from DTA measurements under carefully defined sample condition 
and slow heating and/or cooling rates so that equilibrium is approached, provide a more 
accurate way of establishing the phase diagram for melting and solubility behaviour of the 
system under consideration [59]. In determination of phase diagrams, the shape of peak is of 
great importance and yields useful information.  
For a hypothetical binary system of immiscible solids and their completely miscible liquids 
shown in Fig. 25a, and for the sample x shown on this picture such result can be obtained – 
Fig. 25b.  
 
 
  
 
 
a b 
  Figure 25. Phase diagram and DTA curve. 
 
A DTA curve of the cooling down of such a molten mixture of composition x would show no 
deviation from the baseline to temperature TB where solid B begins to crystallize in an 
exothermic process. This process is not fast, it takes some time and therefore the peak is not 
sharp but tails off as crystallization becomes complete. With further decrease of the 
temperature a sharp exothermic peak can be observed - this is the eutectic temperature, TE, the 
temperature where additionally solid A crystallizes. The area under the peak is a simple 
function of concentration, therefore at low concentration of A (similarly B) the formation of 
eutectic may be difficult to detect and hence to distinguish from the formation of solid 
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solution. The important part of a DTA peak starts with first deviation from the base line and 
generally gives closest agreement with literature values for the corresponding process, than 
peak temperature. Ideally, the DTA traces should be easily relatable to the phase diagram as 
illustrated schematically in Fig. 26. The DTA records of the heating should be the 
endothermic mirror image of records of the cooling. 
 
 
Figure 26. Schematic DTA response on cooling. 
 
In case of the cooling curve one can observe some deviation because of problems with 
supercooling. It is the situation when the rise in temperature is not instantaneous and 
temperature equilibrium is reached slowly. Therefore, it is better to use the heating rather than 
the cooling curve or compare the results from cooling and heating taking into account that 
supercooling can take place.   
 
4.2.5 Instrument 
To measure both thermal and mass change effects for the binary or ternary systems described 
in this work combined DTA/TG (Simultaneous Thermal Analysis: STA) system STA 429, 
Netzsch (Selb, Germany) were used. The instrument was interfaced with a Hewlett Packard 
computer for automatic recording of the measured signals.  The temperature was measured 
with a thermocouple Pt, Pt/Rh 10. The thermocouple was calibrated using the following 
reference temperatures: Au (1064 °C - melting point), SrCO3 (928 °C) and SiO2 (571 °C). The 
estimated absolute accuracy of the observed thermal effects was ΔT = 0.0232x - 11.139 ( °C). 
The measurements were done in Pt crucibles. Samples were heated and cooled in a high 
temperature furnace with a heating/cooling rate of 5 or 2K/min. The heating and cooling 
schedules for the samples were programmed using the software provided by Netzsch. For 
4 Methods and apparatus 
 
 
 - 49 - 
peak separation of overlapping peaks of DTA curves the software package which included 
some mathematical profiles (like Fraser-Suzuki, Quasi-Void) was used. 
4.3 X-ray Diffraction 
 
The samples studied in the work were analyzed by X-ray powder Diffraction method after 
preparation in a furnace and after thermal analysis study as well to identify the phases existing 
in the samples. The device used for the measurements was Siemens D500 Diffractometer with 
Cu-Kα radiation (λ = 1.5406 Å). The achieved data were compared with the Inorganic Crystal 
Structure Data Base (PDF Release 1998 and 2002 and Software Diffrac At).  Samples were 
powered in an agate mortar with a paste and deposited on a glass sample holder with double-
side glue tape. Then, samples were covered with a foil to protect them from air and humidity, 
since sodium oxide is extremely hygroscopic. All of these activities were done in a glove box.  
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5 Preparation of the samples 
5.1 Preparation of the samples of the quasi-binary systems Na2O-SiO2 
and Na2O-Al2O3  
 
In previous works [4, 5] samples were produced by carbonate synthesis. Sodium carbonate 
was used in the whole known range of the phase diagrams. It was mixed with pure quartz. 
The materials were mixed in the required proportions by weight, placed in a platinum 
crucible, and gently heated to drive out the major proportion of the CO2. After this initial 
sintering the temperature of the charge was allowed to rise slowly until the mixture was 
completely molten. This initial sintering took place at about 700 °C. In order to make the 
mixture homogeneous it was necessary to raise the temperature to the point at which rapid 
diffusion of the constituents took place. This temperature varied with composition. It is 
advisable to heat the mixture not higher than it is necessary because at higher temperature 
both soda and silica are somewhat volatile. Therefore, the first samples in the binary systems 
Na2O-SiO2 or Na2O-Al2O3 were prepared by using carbonates. Na2CO3 (Merck, 99.5%) was 
mixed with SiO2 (Heraeus, 99.9%; Al2O3 – Merck, 99.5%) in the required proportion. The 
samples were heated to 800 °C and kept at that temperature for about 24 hours. Then they 
were reground and if it was necessary heated a second time. The mass loss was observed. In 
case of compositions where Na2O was in excess the decomposition of Na2CO3 was 
incomplete. Also Kracek [4, 5] observed that the preparations have a tendency to retain CO2 
with increasing Na2O/SiO2 ratio. When this ratio exceeds 2.0 the CO2 cannot be released 
completely. An experiment with STA (Simultaneous Thermal Analysis) was done. The 
sample was preheated in the STA to drive out the CO2. The mass loss was observed. The 
theoretic mass loss was calculated. As a result of an experiment one can see that not all of the 
CO2 was released from the sample (Fig. 27).  
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Figure 27. STA measurement of the sample 60Na2O-40Al2O3 made by carbonate preparation. 
The theoretical degree of mass loss is 25.29%. 
 
The first step in the TG curve is the decomposition of Na2CO3 – the slope of the curve is very 
high, then we can observe that the slope has changed. The shape of the curve is now more 
typical for a vaporization process than for decomposition. Therefore, although the theoretical 
degree of mass loss due to decomposition of Na2CO3 did not differ so much from the mass 
loss observed during the measurement, there was with the utmost probability some amount of 
Na2CO3 still left in the system. Therefore, the sample was not a quasi-binary one but a quasi-
ternary one. 
Therefore, the best way to produce samples in the part of the systems where sodium oxide is 
in excess was using pure sodium oxide for preparation. Commercially it is possible to buy 
sodium oxide with a purity of: 
 
- Na2O 87% pure, from Alfa; 
- Na2O 81% pure, Aldrich. 
 
Other compounds existing in this product are sodium hydroxide, sodium monoxide, sodium 
peroxide and sodium carbonate with different amount, depending on the producer. The purity 
of commercial Na2O was not sufficient to produce samples in the binary system. Therefore, 
other methods to synthesise pure sodium oxide were looked for. 
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Different ways of production of sodium oxide were described in the literature: 
 slow oxidation of metallic sodium (in the presence of metal excess) [60] 
 
Na + ½ O2 → Na2O (30) 
 
 reaction of  metallic sodium and sodium peroxide [61]  
 
2 Na + Na2O2 → 2 Na2O (31) 
 
 reaction of sodium hydroxide with metallic sodium in a stainless steel vessel [62] 
 
NaOH + 2Na → Na2O + NaH (32) 
 
NaH → Na + ½ H2 (33) 
 
 reaction between sodium azide and sodium nitrate  [63]  
 
5 NaN3 + NaNO3 → 3 Na2O + 8 N2 (34) 
 
or 
 
3 NaN3 + NaNO2 → 2 Na2O + 5 N2 (35) 
 
The first three methods use metallic sodium. It is sold as metal cubes or ingots. It is difficult 
to operate with because of the possibility of oxidation, to grind it and to complete reactions in 
the whole volume of metallic sodium. The first method uses oxygen. Adjusting the required 
proportion of oxygen to produce sodium oxide and not a mixture of oxide and peroxide is not 
the easiest work. 
Despite NaN3 being a high toxic and explosive chemical, the method of Zintl and Baumbach 
[63] was chosen to produce sodium oxide. Sodium azide is well known as the chemical found 
in automobile airbags. An electrical charge triggered by automobile impact causes sodium 
azide to explode and release nitrogen gas inside the airbag (2 NaN3 → 2 Na + 3 N2). 
The method, described by Zintl and Baumbach, was a little modified after a few first 
syntheses have been done. The sodium oxide was produced inside a stainless steel tube in a 
nickel vessel under vacuum. At first, both reagents (NaN3 – Merck, extra pure; NaNO3 – 
Aldrich, 99.99%) were mixed in a glove box under argon in the required proportions with a 
small addition of sodium azide, which is important to protect formed Na2O from oxidation.  
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5 ½ NaN3 + NaNO3 → 3 Na2O + 8 N2 (+ Na) (36) 
 
The mixture was dried at 220 °C for about 8 hours. Then the temperature was slowly 
(0.5K/min) increased up to 370 °C where the main reaction took place and kept for about 10 
hours. The sodium azide reacted with sodium nitrate and a high amount of nitrogen gas was 
released. After this part of the synthesis the temperature was slowly increased up to 420 °C 
(about 0.2K/min) and the rest of the metallic sodium was distilled (1.6 hours).  
After distillation of metallic sodium the vessel was cooled down to room temperature and 
transported into the glove box. In protective Argon atmosphere the stainless steel tube was 
opened and the phase composition of the synthesis product was examined by XRD. One can 
see that the product of such preparation is sodium oxide (Fig. 28). A very small amount of 
NaOH can be observed. The other compounds typical for commercial sodium oxide like 
Na2O2 or Na2CO3 were not observed in the XRD pattern. For sure, NaOH could not be 
formed during reaction (36) in vacuum because of a deficit of hydrogen in the closed tube 
where the experiment was done. Sodium oxide was exclusively handled in the glove box. 
Therefore, it is for sure that NaOH is formed during the XRD measurement which was done 
in room atmosphere, although the sample was covered by a foil (peak at about 20°).  
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Figure 28. XRD pattern of the prepared sodium oxide. The peak about 20° is formed because 
of the foil, which covered the sample. 
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The repetition of the XRD measurement after 20 minutes has shown that reflexes from 
sodium hydroxide increase with time (Fig. 29). This has shown that the protection by a foil 
was not sufficient and that Na2O reacted with water from air and NaOH was formed during 
the XRD measurement. Neither during preparation nor during any acts which were done in 
the glove box on Na2O sodium hydroxide could be formed. 
The purity of sodium oxide prepared by using Zintl and Baumach‟s method [63] was 
satisfactory.  
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Figure 29. XRD pattern of the prepared sodium oxide – second measurement of the same 
sample (see text) after 20 minutes. 
 
The binary samples were prepared by mixing the desired proportion of Na2O with dried 
silicon dioxide (Alfa, 99.9%) or aluminium oxide (γ-Tonerde, Merck, 99.5%) and grinding in 
an achat mortar in the glove box. Every portion of sodium oxide was examined by power X-
ray diffraction after preparation and Na2O was produced just before the preparation of the 
binary mixture to avoid adsorption of water from the atmosphere of the glove box, since 
sodium oxide is highly hygroscopic. The materials mixed in the desired proportion were 
closed in platinum crucibles and then in a stein steel tube, which was connected to a vacuum 
pump, and heated to an appropriate temperature in vacuum. The samples were heated no 
higher than necessary, because of the volatility of the reagents. The temperature, which was 
used, was generally a few degrees higher than the temperature of the eutectic in the range of 
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the phase diagram where the samples were prepared (usually 860 – 870 °C). In the unknown 
part of the phase diagram the temperature of the eutectic was taken from the calculated phase 
diagram [16] and was corrected after the first preparations have been done in this range. The 
samples were transferred into the glove box after cooling down. The preparation tube was 
opened in protective atmosphere. After preparation the samples were ground to finest powder 
in an achat mortar. X-ray diffraction measurements were done to verify the preparation of the 
binary compositions. The rest of the samples was investigated by Differential Thermal 
Analysis and simultaneous Thermo Gravimetry (STA).  
 
5.2 Preparation of the samples of the quasi-ternary and quasi-quaternary 
systems Na2O(-K2O)-Al2O3-SiO2 
 
To investigate the thermodynamic properties of multicomponent systems the samples shown 
in Fig. 30 were chosen. In case of the quaternary system with both alkali oxides samples 1, 2, 
5 were prepared. The molar ratio of Na2O to K2O was 1 to 1. Other samples and other ratios 
(e.g. 1:2, 2:1, 1:3, 3:1) will be investigated in future. 
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Figure 30. Schematic quasi-ternary Na2O-Al2O3-SiO2 system with prepared compositions. 
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The samples of the Na2O-Al2O3-SiO2 and Na2O-K2O-Al2O3-SiO2 systems were prepared by 
solid-state reaction. The dry oxides (Al2O3 – γ-Tonerde, Merck, 99.5%; SiO2 – Heraeus, 
99.9%) and dry carbonates (Na2CO3 – Merck, 99.5%; K2CO3 – Merck, 99%) were mixed in 
the required proportions and ground to finest power. Then, the samples were initially heated 
in platinum crucibles at 750-850 °C (depending on the sample) for 24 hours to drive out CO2. 
After preheating they were ground and heated for a second and a third time. The mass loss 
was observed to control the CO2-loss. 
After a few initial preheatings the samples were ground and put inside a glove box into closed 
platinum tubes. The empty space of the platinum tubes was filled with argon. The samples 
were annealed in the furnace at 1550 °C for 3 hours and were taken out of the furnace at this 
temperature and quickly cooled down on a metal plate. All samples had formed a glass phase 
during annealing. XRD characterization showed the absence of crystal structures in the 
samples.  
The chemical compositions of the samples after preparation were analyzed by means of ICP-
OES (Al, Si, K, Na) and IR-Spectroscopy (C, O). The results are shown in Table 11, 15 and 
18. The concentrations of particular samples had changed after annealing but the change was 
not drastic, although one should consider that the relative error of the ICP-OES method is  ± 
3%. Such prepared and ground samples were investigated by means of Knudsen Effusion 
Mass Spectrometry. Some of the samples (NaAlSi_4, _A, _B, _C, NaAlO2) were investigated 
by using Simultaneous Thermal Analysis (Table 11). They were prepared by solid-state 
reaction from NaAlO2 (Alfa, technical grade) and SiO2. 
Because XRD characterization of samples was not possible after preparation, since the glass 
phase is formed, the primary phase field and estimated melting point of prepared 
compositions were established from literature (Section 2.3 and 2.4). They are collected in 
Table 5. 
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Table 5. Samples in the quasi-ternary and quasi-quaternary system and their estimated 
melting points. 
 
Sample Primary phase field 
Estimated 
melting point 
NaAlSi_1 trydimite ~ 1250 °C 
NaAlSi_2 albite ~ 1100 °C 
NaAlSi_3 
nepheline 
(alternatively carnegieite)  
~ 1300 °C 
NaAlSi_4 carnegieite ~ 1550 °C 
NaAlSi_5 mullite ~ 1600 °C 
NaAlSi_6 Na2SiO3 ~ 1000 °C 
NaKAlSi_1 trydimite ~ 1250 °C 
NaKAlSi_2 
leucite (alternatively Na-K 
feldspar) 
~ 1100 °C 
NaKAlSi_5 Na-K feldspar ~ 1040 °C 
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6 Results and discussion 
6.1 Determination of phase diagrams 
6.1.1 Quasi-binary system Na2O-SiO2  
The homogenous mixtures of different composition were examined by means of combined 
DTA/TG analysis (STA – Simultaneous Thermal Analysis). First, samples were measured in 
standard DTA crucible made of Pt. The effect of such measurements was a strong reaction 
with the crucible and platinum compounds like Na2PtO2, Na2PtO3, Na4PtO4, Na8PtO6 were 
formed. The reaction was so strong that platinum compounds could be observed in the XRD 
pattern. The formation of platinum compounds shifts the quasi-binary sample into the quasi-
ternary system. Then, the crucible was covered by a lid with a small orifice. However, the 
protection was still not enough especially for samples where sodium oxide was in excess. The 
only solution was to use special crucibles in which the samples could be enclosed and 
protected against air and moisture. Such crucibles were formed from Pt tubes. The sample 
capsules were sealed from one side and bended from the other one as it is shown in Fig. 31a. 
 
 
a 
 
 
 
 
 
 
b 
 
 
Figure 31. The sample capsules (a) and sample in DTA crucible (b). 
 
For better protection the samples were measured not only in closed platinum capsules placed 
in normal DTA crucible (Fig. 31b) but also under vacuum (10
-4
 mbar). Later, a formation of 
platinum compounds was a signal that the capsules were not sufficiently gas tight and that the 
samples had some contact with the atmosphere.  
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6.1.1.1 The Na-rich concentration region of Na2O-SiO2 system 
The chemical composition of the samples is shown in Table 6. For Na2O the probable error 
was calculated – it is given in percent. It is based on the observation of the mass loss during 
annealing in the furnace. Because it is not sure if the pure sodium oxide or the compound 
which is formed during preparation is vaporized it is difficult to calculate the exact 
composition. Although a mass loss was observed, the composition of the sample had not 
changed more than 0.5 mol %. 
 
Table 6. Samples in the system Na2O-Na4SiO4. 
 
Sample Molar ratio (%) 
Na2O SiO2 
96Na2O-4SiO2 95.98 (-0.1%) 4.01 
92Na2O-8SiO2 91.96 (-0.4%) 8.04 
90Na2O-10SiO2 89.98 (-0.2%) 10.02 
87Na2O-13SiO2 87.16 (-0.5%) 12.84 
85Na2O-15SiO2 84.90 (-0.3%) 15.10 
83Na2O-17SiO2 83.53 (-0.4%) 16.47 
82Na2O-18SiO2 81.97 (-0.1%) 18.03 
80Na2O-20SiO2 79.98 (-0.4%) 20.02 
78Na2O-22SiO2 77.89 (-0.2%) 22.11 
76Na2O-24SiO2 75.98 (-0.6%) 24.02 
73.5Na2O-26.5SiO2 73.50 (-0.1%) 26.50 
72Na2O-28SiO2 71.98 (-0.3%) 28.02 
70Na2O-30SiO2 69.98 (-0.2%) 30.02 
 
 
XRD measurements made after preparation in the furnace show that all samples are placed in 
the part of the phase diagram between 66.67 and 100 mol % of Na2O (three examples of  
XRD pattern in Fig. 32, 33). One can observe mainly Na2O and two structures of Na4SiO4. In 
the figures the peaks from both structures are designated with the same marker. With 
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decreasing concentration of Na2O an increase of the sodium oxide structure and decreasing of 
structure of sodium metasilicate were observed. No other structures beside NaOH were 
observed. In case of this compound it is not clear if it is formed during the XRD measurement 
or if it already existed in the system. It will be discussed in detail in the discussion part of this 
work. 
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Figure 32. X-ray diffraction pattern of the samples 72Na2O-28SiO2. 
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Figure 33. X-ray diffraction pattern of the samples 96Na2O-4SiO2. 
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Typical STA graphs recorded for the xNa2O-(1-x)SiO2 samples with x(Na2O) = 0.96, 0.9, 
0.87, 0.83, 0.80, 0.78, 0.72 during heating and cooling with a rate of 5K/min are exemplified 
in Figs. 34-41. The characteristic onset temperature of the DTA curves indicating phase 
transitions were evaluated by the determination of the intersection of the extrapolated baseline 
and the tangents through the inflection point on the leading edge of the peak.   
During all STA measurements no or insignificant mass losses were observed (see TG curves 
in Fig. 34-41). If some undesirable reactions took place (like decomposition, vaporization, 
and reaction with moisture) the mass loss was noticeable and the results of such samples were 
not taken into further consideration. 
Fig. 34 shows the heating and cooling curves of the mixture 72Na2O-28SiO2. The highest 
DTA peak on the heating curve (red line) can be observed at 1016 °C (temperature of the 
peak). The end of this peak is at about 1027 °C. The highest peak represents the liquidus and 
shows at what temperature the sample with the composition of 72 mole percent sodium oxide 
is completely molten. One can see that this peak is a quite wide one. It is not easy to say at 
which temperature it exactly starts. It is a typical situation for a solid-liquid reaction. Melting 
is a continuous process and the corresponding endothermic peak tails off when residual of 
crystals become liquid. The choice of the temperature – the extrapolated onset, the peak or the 
endset of the peak – is one open question in case of the solid-liquid transitions. In this work 
the temperature of the peak was used as temperature of melting.  
It can be seen on the cooling curve that the highest peak is at 984 °C. The difference between 
melting temperature and solidification temperature is caused by supercooling (see 4.2.4).  
The next transition temperature which can be seen in Fig. 34 is at 957.3 °C (heating curve) 
and at 950.6 °C (cooling curve). The peak is quite well reproducible during cooling and 
heating. A few K difference can be caused by a small shift of the base line during melting or 
solidification which takes place in this region. From literature [8, 9] it is known that this peak 
represents the structure change of Na4SiO4. Na4SiO4 exists in two forms and the phase 
transformation between β-Na4SiO4 and α-form takes place at 960 °C. 
The peak at about 856 °C can be explained after observation of another temperature arrest in 
all samples done in this region. All isotherms which are observed in different samples can 
suggest an eutectic.  
Some deviation from the base line can be observed at about 750 °C and it will be discussed 
later. 
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Figure 34. DTA and TG measurement of the sample 72Na2O-28SiO2. The heating rate was 
5K/min. 
 
A similar situation was observed for the sample with x = 0.70. Only the liquidus temperature 
was situated respectively higher.  
In Fig. 35 one can observe two discontinuities of the DTA curves. One of them – the small 
peak at about 750 °C – can be identified as a structure change of Na2O which was observed 
by Bouaziz et al. [64]. Another one which is well observed at about 864 °C is probably the 
eutectic temperature although it is higher than in case of the sample 72Na2O-28SiO2. There 
is no other temperature on the DTA heating or cooling curve. Heating a mixture of eutectic 
composition will lead to a single sharp endotherm. A good agreement between heating and 
cooling curve can be observed. The few K difference can be caused by difficulties in finding 
the beginning of the discontinuity of the heating curve. In case of the solidification 
temperature, for every sample placed further from the eutectic, supercooling was observed. 
Therefore, it is possible that near the sample 78Na2O-22SiO2 an eutectic is placed. The small 
hill has been placed just before the eutectic peak in some other measurements of this sample 
on cooling, which suggests that with small changing of composition the liquidus appears. 
The small deviation from the base line of the cooling curve at about 792 °C remains so far 
unnamed. 
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Figure 35. DTA and TG measurement of the sample 78Na2O-22SiO2. The heating rate was 
5K/min. 
 
The thermal effects detected for the sample 80Na2O-20SiO2 are shown in Fig. 36. The 
structure change of Na2O and an isotherm – the eutectic – are well observed. On the cooling 
curve one can see the peak at about 824 °C. The corresponding peak on the heating curve is 
not so well observed. Probably it is partly covered by the eutectic peak. The software 
provided by Netzsch was used to separate overlapping peaks of the DTA curve. The results 
can be seen in Fig. 37. It is almost sure that the eutectic should be located between the sample 
78Na2O-28SiO2 and 80Na2O-20SiO2 and rather closer to the first one, because more often 
the liquidus peak appears in the DTA curves of the sample with x(Na2O) = 0.80. 
A similar situation was observed in case of the sample 82Na2O-18SiO2, although the liquidus 
temperature was better distinguished at about 940 °C. 
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Figure 36. DTA and TG measurement of the sample 80Na2O-20SiO2. The heating rate was 
5K/min. 
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Figure 37. Separation of overlapping peaks. Sample 80Na2O-20SiO2. 
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The STA experiments performed at x = 0.83, resulted in thermograms with four peaks (on the 
heating curve they are better observed after separation of overlapping peaks). Following by 
the final thermal event (Fig. 38) the liquidus is observed at 923.1 °C, then the eutectic at about 
840 °C  (on heating) and the structure change of Na2O at about 746 °C. The peak at about 792 
°C (heating) and 802 °C (cooling) is unidentified so far. 
The high discrepancy of the eutectic temperature on heating and cooling can be caused by 
overlapping of peaks on heating. When mathematical profiles were used to separate 
overlapping peaks the eutectic temperature was fixed at 831 °C. 
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Figure 38. DTA and TG measurement of the sample 83Na2O-17SiO2. The heating rate was 
5K/min. 
 
In Fig. 39 one can observe thermal events of the sample 87Na2O-13SiO2. A well defined 
liquidus temperature is observed at 918.3 °C. Then a wide peak is seen at 817.9 °C. It is quite 
well reproducible on cooling at 803.7 °C. Although the temperature is lower than the usually 
observed eutectic the peak was identified as an eutectic. The structure change of Na2O is 
observed at 750 °C (746.7 on cooling). 
6 Results and discussion 
 
 - 67 - 
650 700 750 800 850 900 950
Temperature /°C
-0.15
-0.10
-0.05
0
0.05
DTA /(uV/mg)
90
95
100
105
110
TG /%
DTA heating
DTA cooling
TG cooling
TG heating
structure change
of Na2O
eutectic
liquidus
87Na2O-13SiO2
Onset: 749.0 °C
Onset: 817.9 °C
Peak: 918.3 °C
End: 747.4 °C
End: 830.7 °C
End: 917.2 °C
[5.5]
[5.5]
[5.7]
[5.7]
 Exo
 
Figure 39. DTA and TG measurement of the sample 87Na2O-13SiO2. The heating was rate 
5K/min. 
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Figure 40. DTA and TG measurement of the sample 90Na2O-10SiO2. The heating rate was 
5K/min. 
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During the STA investigation of the sample 90Na2O-10SiO2 the heating curve has shown 
three independent peaks (Fig. 40). On the cooling curve one can observe four peaks. 
Therefore, it is expected that the peak at 868.2 °C on the cooling curve must have an 
equivalent peak on the heating curve too, which is probably partly covered by the eutectic 
peak at 849.9 °C.  
Well observed is the structure change of sodium oxide. The liquidus temperature is at 973 °C. 
The temperature of the eutectic is well reproducible on heating and cooling at about 849 °C. 
The peak which appears on cooling at 868.2 °C is so far unidentified. 
In Fig. 41 the structure change of Na2O (γ→β) can be observed at about 749 °C (heating 
curve). The intensity of the peak at about 750 °C increases with increasing sodium oxide 
content. From [64] it is known that another structure transition (β→α) should take place at 
970 °C which is neither observed in this figure nor in another one. The authors suggested that 
the amount of energy which is absorbed or released during this transformation is four times 
smaller than that of the melting point of Na2O. On the other hand the heat transition of the 
structure change at 750 °C is 25 to 30 times smaller and this transformation is observed in 
Fig. 41 and in the others.  
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Figure 41. DTA and TG measurement of the sample 96Na2O-4SiO2. The heating rate was 
5K/min. The inset in left bottom part shows the situation in temperature range from 730 to 
815 °C. 
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The melting point of the sample 96Na2O-4SiO2 can be established at about 1079 °C (peak 
temperature). Supercooling is observed on the cooling curve in case of the solidification. The 
small transition at about 793 °C is an isotherm and was observed in other samples, too.  
The sample is placed near the pure component and it is possible that the temperature of 
transformation belongs to another component. As well, the eutectic temperature is not so well 
observed. It is in agreement with level rule.  
Table 7 gives the average values of the thermal effects obtained from several cooling and 
heating segments for each sample. The temperatures obtained during heating were included in 
the table as an “up” thermal effect; the temperatures obtained during cooling were included in 
the table as a “down” thermal effect. 
 
6 Results and discussion 
 
 - 70 - 
 
 
 
T
h
er
m
a
l 
ef
fe
ct
s 
/ 
°C
/ 
T
6
 –
 l
iq
u
id
u
s 
d
o
w
n
 
1
0
3
4
 
9
7
1
 
- 
8
9
6
 
*
 
8
9
2
 
9
1
1
 
8
8
6
 
- 
9
2
8
 
9
5
7
 
9
9
1
 
1
0
5
1
 
u
p
 
1
0
8
0
 
1
0
1
5
 
9
7
3
 
9
1
1
 
*
 
9
7
2
 
9
3
9
 
9
0
0
 
- 
9
3
7
 
9
7
0
 
1
0
1
1
 
1
0
7
4
 
T
5
  
–
 
st
ru
ct
u
re
 
ch
an
g
e 
o
f 
N
a 4
S
iO
4
 
d
o
w
n
 
- - - - - - - - - - 
9
5
4
 
9
5
0
 
9
5
3
 
u
p
 
- - - - - - - - - - 
9
6
2
 
9
5
8
 
9
5
7
 
T
4
 –
 e
u
te
ct
ic
 
d
o
w
n
 
- - - - - 
8
5
4
 
8
5
8
 
8
6
6
 
8
6
3
 
8
4
1
 
8
7
9
 
8
5
3
 
8
3
7
 
u
p
 
- - - - - 
8
4
9
 
8
5
3
 
8
6
5
 
8
6
6
 
8
2
5
 
8
7
8
 
8
6
0
 
8
5
7
 
T
3
 –
 e
u
te
ct
ic
 
d
o
w
n
 
- 
8
4
0
 
8
5
2
 
8
3
7
 
8
6
7
 
- - - - - - - - 
u
p
 
- 
8
4
2
 
8
5
3
 
8
2
6
 
8
5
9
 
- - - - - - - - 
T
2
 d
o
w
n
 
7
8
0
 
- - - 
8
1
2
 
8
0
0
 
- 
8
1
6
 
8
0
3
 
- - - - 
u
p
 
7
9
5
 
- - - - 
7
8
0
 
- - - - - - - 
T
1
 –
 s
tr
u
ct
u
re
 
ch
an
g
e 
o
f 
N
a 2
O
 
d
o
w
n
 
7
4
7
 
7
4
5
 
7
4
6
 
7
4
5
 
7
4
7
 
7
5
3
 
7
4
2
 
7
4
7
 
7
4
3
 
7
4
5
 
- 
7
4
2
 
7
4
8
 
u
p
 
7
5
0
 
7
5
1
 
7
5
2
 
7
5
0
 
7
4
7
 
7
4
6
 
7
4
8
 
7
5
1
 
7
4
7
 
7
5
1
 
- - 
7
5
0
 
S
a
m
p
le
 
9
6
N
a2
O
-4
S
iO
2
 
9
2
N
a2
O
-8
S
iO
2
 
9
0
N
a2
O
-1
0
S
iO
2
 
8
7
N
a2
O
-1
3
S
iO
2
 
8
5
N
a2
O
-1
5
S
iO
2
 
8
3
N
a2
O
-1
7
S
iO
2
 
8
2
N
a2
O
-1
8
S
iO
2
 
8
0
N
a2
O
-2
0
S
iO
2
 
7
8
N
a2
O
-2
2
S
iO
2
 
7
6
N
a2
O
-2
4
S
iO
2
 
7
3
.5
N
a2
O
-2
6
.5
S
iO
2
- 
7
2
N
a2
O
-2
8
S
iO
2
 
7
0
N
a2
O
-3
0
S
iO
2
 
T
a
b
le
 7
. 
R
es
u
lt
s 
o
f 
th
e 
D
T
A
 e
x
p
er
im
en
ts
 i
n
 t
h
e 
N
a 2
O
-S
iO
2
 q
u
as
i-
b
in
ar
y
 s
y
st
em
 (
u
p
 –
 t
h
er
m
al
 e
ff
ec
ts
 d
u
ri
n
g
 h
ea
ti
n
g
, 
d
o
w
n
 –
 t
h
er
m
al
 e
v
en
ts
 
d
u
ri
n
g
 c
o
o
li
n
g
) 
(*
 -
 s
am
p
le
s 
w
er
e 
m
ea
su
re
d
 u
p
 t
o
 9
5
0
 °
C
).
 
6 Results and discussion 
 
 - 71 - 
For some samples the temperature of the eutectic was higher during cooling than during 
heating. It can be explained by the small difference between solidus and liquidus temperature.  
The thermal effects of the melting or solidification processes increase the temperature of the 
eutectic. 
So far only the high temperature parts of the STA measurements were taking into account. In 
Fig. 42 and 43 one can see the low temperature part of the DTA/TG measurements of two 
samples. The peaks at about 280 °C (Fig. 42, 43) are well observed. The peaks can be 
eventually identified as structure change of NaOH and the eutectic between NaOH and Na2O 
although the temperatures observed in those figures are lower than suggested in [64] (the 
correction of temperature showed by thermocouple was not done in this range therefore the 
temperature could be not precise). More explanation is given in the discussion part of this 
work. 
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Figure 42. Low temperature part of STA measurements (sample 70Na2O-30SiO2). 
 
To verify the composition of the samples XRD measurements were done after the STA 
measurements. Figures 44, 45 show the diffraction patterns of three samples placed in the 
high Na2O concentration range. The structure of Na2O and Na4SiO4, and a small amount of 
NaOH are observed. The patterns also show some peaks which are unidentified so far. 
Although some of them could be identified as platinum compounds, EDX measurements 
showed that Pt was not present in the samples or the amount of it was below 1%, which 
should not be detected by XRD. 
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Figure 43. Low temperature part of STA measurements (sample 96Na2O-4SiO2). 
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Figure 44. XRD diagram of the sample 72Na2O-28SiO2 after STA measurements. 
 
The peaks of the unknown phase were observed in the whole investigated composition range. 
If a new component exists in the system from Gibbs' rule which follows: 
 
F = C − P + 2 (37) 
 
with 
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F – number of degrees of freedom,  
C – number of chemical components,  
P – number of phase. 
 
Three components cannot exist in a binary system in the same temperature and composition 
range. Further explanation is given in the discussion part of this work. 
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Figure 45. XRD diagram of the sample 96Na2O-4SiO2 after STA measurements. 
 
6.1.1.2 Study of pure sodium oxide 
The samples were measured in closed crucibles like the samples in the binary system (Fig. 
31). The maximum temperature of the STA measurement was 1250 °C in argon. After a short 
constant segment the samples were cooled down. The Pt-crucibles were filled in a glove box. 
The empty space in the crucibles was filled with argon. The samples were measured in 
vacuum (10
-4
 mbar).  
The results obtained during the STA experiments on the sodium oxide samples are shown in 
Fig.46. The phase transition of NaOH – β-phase to α-phase – was observed at 290.3 °C 
according to [64]. Another structure change – sodium oxide – which should occur at 750 °C 
was not observed. Up to 1000 °C the mass loss was insignificant. At about 1000 °C a sudden 
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mass loss was observed – see TG curve in Fig. 46. At this temperature it looks like the sodium 
oxide decomposes. There was no sample left in the crucible after the measurement. 
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Figure 46. DTA and TG measurements of pure sodium oxide. 
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Figure 47. STA measurement of commercial available sodium oxide.  
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The measurement was repeated with a new sample. The same effects were observed. In 
addition the experiments with commercial Na2O were done. The purity of this sodium oxide 
was 81.41 %, the rest of the chemical was Na2O2, NaOH, Na2CO3. A thermal arrest at about 
287.3 °C and the decomposition at about 730 °C were observed (Fig. 47).  
If Na2O decomposes the following reaction can take place  
 
Na2O → 2Na + ½O2. (38) 
 
If the partial pressure of O2 is low enough, it is possible to reduce sodium oxide into metallic 
sodium which vaporizes at the temperature of the measurement.  
The measurement done in air showed a strong reaction of Na2O with the material of the Pt 
crucible. It was because of a quite fast reaction of sodium oxide with moisture from air 
forming NaOH. Since sodium hydroxide is very reactive platinum compounds were formed. 
Therefore, no further measurements have been performed in air. 
The best way is to make the measurement on pure sodium oxide in dry oxygen containing 
atmosphere. An appropriate ratio of oxygen should be found because of the possibility of 
further oxidation of Na2O into Na2O2 which is more stable.  
 
6.1.1.3 Summary 
Although the quasi-binary system Na2O-SiO2 has been the subject of extensive research 
because of its great interest for various branches of earth science and its importance for the 
development of new technologies in metallurgy or in production of ceramics, the information 
about the phase equilibria were not complete so far. For the first time the high Na2O 
concentration part of the Na2O-SiO2 system was measured in this work. The study of this 
quasi-binary system was difficult since sodium oxide is a very hygroscopic substance.  
The following general observations were made in the DTA measurements: 
 
 The shape of the liquidus line shows that two eutectics should exist in the rich Na2O 
part of the Na2O-SiO2 system. The previously unknown compound is most likely 
Na10SiO7. 
 Samples with x(Na2O) values between 0.6667 and 0.76 show, in general, three 
thermal arrests: liquidus – which value goes down with increasing sodium oxide 
content, the structure change of Na4SiO4 at 959 °C and the eutectic, although this 
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temperature is slightly different for different samples (Table ). Some of the samples 
show a thermal effect from the structure change of Na2O at 750 °C.  
 The sample with x(Na2O) = 0.78 shows two defined phase transitions: one at 747 °C 
from the transformation of sodium oxide γ→β. Another was the eutectic temperature 
at 866 °C. 
 Samples with x(Na2O) values between 0.80 and 0.83 show in general three thermal 
effects. Two of them having the same temperature for all samples – at 748 °C and 
about 858 °C – correspond to the structure change of Na2O and the eutectic, 
respectively. The third one is the temperature of the liquidus, which is different for 
different samples. 
 The sample with x(Na2O) = 0.85 shows thermal effects at 747 and  863 °C which 
correspond to the structure change and the eutectic, respectively. The sample was 
measured only up to 950 °C and no other arrest was observed. Near this sample the 
second eutectic is placed.  
 The sample with x(Na2O) = 0.87 has a strongly shifted temperature of the eutectic (at 
about 832 °C) and thermal arrest from the structure change of Na2O at 750 °C. 
 Samples with x(Na2O) 0.90 and 0.92 show three thermal effects  - the liquidus, a 
thermal arrest correspond to the eutectic at 847 °C, and the structure change of Na2O 
γ→β at 751 °C. 
 The last sample with x(Na2O) = 0.96 shows thermal effects at 1080 °C which 
corresponds to the liquidus temperature. The structure change of γ-Na2O into β-
Na2O at 749 °C and a small thermal arrest at about 795 °C. 
 Samples with x(Na2O) = 0.96, 0.85, 0.83, 0.80, 0.78, show a small thermal arrest at 
about 800 °C which corresponds rather to a structure change than to the eutectic, 
because of its shape.  
 Although the melting point of sodium oxide was not established in this work, it is 
more likely 1132 °C as given in [64] than at 930 °C given by Bunzel et al. [10] and 
used in work [9]. It was concluded from measurements which were done on sample 
96Na2O-4SiO2 (see Fig. 41). 
 
The proposed diagram of the high Na2O concentration part of the quasi-binary system in the 
temperature range of 600–1200 °C presented in Fig. 48 explains the thermal effects identified 
in the DTA curves and the results of the XRD measurements.  
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Figure 48. Thermal effects detected on the samples in the high Na2O concentration part of 
the Na2O-SiO2 system.  
 
It is most likely that a new phase with the chemical composition Na10SiO7 exists. However, 
there is some uncertainty as to the temperature range in which it is stable. The Gibb‟s rule 
excludes in the equilibrium state of a binary system the existence of three components. If the 
thermal arrest at about 800 °C is the temperature of decomposition of the new phase into 
Na2O and Na4SiO4 and the kinetic of this process is slow it is possible to see the crystals of 
the new phase in the XRD diagram of the measured samples even at low temperatures.  
 
Although this phase diagram was drawn on the assumption that the samples were made in the 
binary system the results of the XRD measurements and peaks in the low temperature part of 
the STA measurements have to be considered. The small amount of NaOH present in the 
system shifts the quasi-binary system into a quasi-ternary one. It is not possible to determine 
at what moment NaOH was formed and how much of it already existed in the system during 
the STA measurement. If the composition was shifted into the quasi-ternary system the 
situation could have been as shown in Fig. 49 by the green line.  
The line in Fig. 49 is assumed to represent the highest possible amount of NaOH in the 
samples during STA measurements. It is not possible to determine the exact amount of 
sodium hydroxide. The amount of NaOH becomes smaller with decreasing sodium oxide 
content. If the measurements were done in the quasi-binary section of quasi-ternary system 
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Na2O-SiO2-NaOH marked by green line, this should have some consequences on the 
interpretation of the results of the STA measurements.  
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Figure 49. Quasi-ternary system Na2O-SiO2-NaOH. 
 
In Fig. 50 the phase diagram of the Na2O-NaOH system proposed by Bouaziz et al. [64] is 
presented. A simple eutectic was proposed by the authors at 309 °C. The structure change of 
NaOH β→α is at 297 °C and the α-form melts at 320.5 °C. For pure sodium oxide two 
structure transformations γ→β and β→α at 750 °C and 970 °C, respectively, are proposed.  
 
 
 
Figure 50. Phase diagram of the NaOH-Na2O system [64]. 
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The compound melts at 1132 °C. In case of the system NaOH-SiO2 there are no data available 
in literature. However, it is most likely that during reaction of NaOH with SiO2 appropriate 
sodium silicates are formed and water is released. Thus, at least the SiO2 rich region of the 
phase diagram should be similar to that of the Na2O-SiO2 system. 
Therefore, if the measured samples really represented a quasi-binary section of the ternary 
system the only changes in proposed phase diagram of the Na2O-SiO2 system could be the 
exact temperatures of the eutectic and the liquidus. They should appear slightly higher in the 
pure binary system.  
6.1.1.4 The xNa2O-(1-x)SiO2 (0.4 < x < 0.68) region  
In the known part of the system Na2O-SiO2 some samples in three different ranges, Na4SiO4-
Na6Si2O7, Na6Si2O7-Na2SiO3 and Na2SiO3-Na2Si2O5, were measured. The exact compositions 
are given in Table 8. 
 
Table 8. Compositions prepared in the Na4SiO4-Na2Si2O5 system. 
 
Sample 
Molar ratio/% 
Na2O SiO2 
68Na2O-32SiO2 67.99 (-0.5%) 32.01 
67Na2O-33SiO2 66.56 (-0.3%) 33.44 
63Na2O-37SiO2 62.98 (-0.1%) 37.02 
56Na2O-44SiO2 55.86 (-0.2%) 40.14 
50Na2O-50SiO2 50.23 (-0.2%) 49.77 
45Na2O-55SiO2 44.96 (-0.3%) 55.04 
40Na2O-60SiO2 39.98 (-0.1%) 60.02 
 
 
 
The samples in the region Na4SiO4-Na6Si2O7 were measured to prove some thermal events 
observed in the Na2O-rich concentration range of the system. The results are described below.  
In Fig. 51 one can see the XRD pattern of the sample 68Na2O-32SiO2. In case of this sample 
it is not clear if it is in the Na2O-rich concentration part of the system because the XRD 
pattern shows only the two different structures of Na4SiO4 (both have the same sign attributed 
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in Fig. 51). A possible error in mole concentration could shift the sample into the other, Na2O-
lean region of this binary system. 
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Figure 51. Diffraction pattern of the sample 68 Na2O-32SiO2. 
 
The thermal effects detected on this sample were the discontinuities of the DTA curves at 959 
°C and a quite wide peak at about 1089 °C, which is probably composed of two peaks. The 
peak at about 959 °C was observed for the samples xNa2O-(1-x)SiO2, whit x = 0.70 - 0.735 
and was identified as a structure change of Na4SiO4 (β → α), the other peak should be the 
liquidus one. The STA measurement is shown in Fig. 52. Similar thermal effects and XRD 
patterns were observed for the sample 67Na2O-33SiO2.  
The eutectic temperature is not observed. However, the compositions of these two samples are 
very close to pure Na4SiO4. Therefore the corresponding peak should be very small and thus, 
the eutectic could not be observed. 
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Figure 52. DTA and TG measurement of the sample 68Na2O-32SiO2. The heating rate was 
5K/min. 
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Figure 53. Diffraction pattern of the sample 63Na2O-37SiO2. 
 
The next sample in this range, 63Na2O-37SiO2, has shown the two crystal phases – Na6Si2O7 
and Na4SiO4 (Fig. 53). On DTA curve the structure change of Na4SiO4 at about 957 °C is still 
well observed. The next thermal arrest was detected at about 1038 °C which is probably the 
eutectic (Fig. 54). The last peak, the liquidus, is observed at about 1057 °C. The thermal 
events on the cooling curves were shifted to lower temperatures because of supercooling. 
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The XRD patterns for the samples, 56Na2O-44SiO2 and 50Na2O-50SiO2, have shown the 
crystal structure of Na6Si2O7 and Na2SiO3, and Na2SiO3, respectively. Na6Si2O7 was identified 
by means of XRD made at room temperature with a sample which was cooled down with a 
rate of 5K/min, although Loeffler et al. [9] reported that this component decomposes at about 
400 °C to Na2SiO3 and Na4SiO4. It is most likely that this component is stable also at room 
temperature. 
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Figure 54. DTA and TG measurement of the sample 63Na2O-37SiO2. The heating rate 
was 5K/min. 
 
The DTA curve for the sample which is probably pure sodium metasilicate (50Na2O-50SiO2) 
shows a small thermal arrest at about 1000 °C and a second one at 1094 °C – peak 
temperature (Fig. 55). The melting point of Na2SiO3 reported by Kracek [4, 5] is 1088 °C. 
For the sample 56Na2O-44SiO2 mainly one thermal effect was observed at about 1008 °C 
(Fig. 56). 
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Figure 55. DTA and TG measurement of the sample 50Na2O-50SiO2. The heating rate was 
5K/min. 
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Figure 56. DTA and TG measurement of the sample 56Na2O-44SiO2. The heating rate was 
5K/min. 
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The next investigated range, where silicon dioxide is in excess, is represented by the samples 
45Na2O-55SiO2 and 40Na2O-60SiO2. On the XRD pattern one can observe the increasing of 
the Na2Si2O5 peaks with increasing SiO2 content (Fig. 57). 
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Figure 57. XRD patterns of the samples 45Na2O-55SiO2 and 40Na2O-60SiO2. 
 
During the STA investigation of the sample 45Na2O-55SiO2 the heating curve has shown 
two thermal effects, one at about 810 °C which can correspond with the eutectic and another 
at 1045 °C which is the liquidus (Fig. 58).  
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Figure 58. STA measurement of the sample 45Na2O-55SiO2. The heating rate was 5K/min. 
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The melting point of the sample 40Na2O-60SiO2 was established at 980 °C. The eutectic was 
observed at about 812 °C (Fig. 59).   
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Figure 59. DTA and TG measurement of the sample 40Na2O-60SiO2. The heating rate was 
5K/min. 
 
Table 9. Results of the DTA experiments in the Na2O-SiO2 quasi-binary system (up – 
thermal effects during heating, down – thermal events during cooling). 
 
Sample Phases 
Thermal effects/ °C 
T eutectic T liquidus 
T structure 
change 
up down up down up down 
68Na2O-32SiO2 Na4SiO4 - - 1089 1041 956 950 
67Na2O-33SiO2 Na4SiO4 - - 1090 1027 960 952 
63Na2O-37SiO2 
Na4SiO4 
Na6Si2O7 
1029 - 1070 961 958 949 
56Na2O-44SiO2 
Na6Si2O7 
Na2SiO3 
1009 1004 - - - - 
50Na2O-50SiO2 Na2SiO3 - - 1091 - - - 
45Na2O-55SiO2 
Na2SiO3 
Na2Si2O5 
814 786 1042 944 - - 
40Na2O-60SiO2 
Na2SiO3 
Na2Si2O5 
811 758 976 949 - - 
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Table 9 presents the average values of the thermal effects observed in the system Na2O-SiO2 
in the range between Na4SiO4 and Na2Si2O5. The temperatures obtained during heating were 
included in the table as an “up” thermal effect; these obtained during cooling were included in 
the table as a “down” thermal effect. 
 
6.1.1.5 Summary 
The phase diagrams of the system Na2O-SiO2 which are described in Chapter 2.1.1 were 
established mainly by the method of quenching. Only some parts of the diagram were 
measured by means of heating curves. By means of STA measurements the thermal effects of 
some compositions of the subsystem Na4SiO4-Na2Si2O5 were determined in this work. The 
results are collected in Table 9, and the part between Na4SiO4 and Na6Si2O7 is shown in Fig. 
48. The results obtained in this work are generally in good agreement with results described in 
literature [4, 5, 8, 9] however small temperature shifts were observed: 
 
 The temperature of the eutectic between Na4SiO4 and Na6Si2O7 was reported by 
D‟Ans and Loeffler et al. [8, 9] at 962 °C and was here established at 1029 °C. 
 The eutectic between Na6Si2O7 and Na2SiO3 was in this work found at about 1009 °C 
and previously was reported by Kracek [4] at 1022 °C and 1015 °C by D‟Ans and 
Loeffler [8]. 
 The eutectic between Na2SiO3 and Na2Si2O5 is 846 °C according to [4] and 810 °C 
according to this work. 
 The melting temperature of Na2SiO3 is 1089 °C according to [4] and was established 
in this work at 1091 °C. 
 The melting temperature of Na4SiO4 was established in this work higher (about 1110 
°C) than in D‟Ans and Loeffler‟s works [8, 9] – 1078 °C. 
 It is most likely that Na6Si2O7 is stable in the whole investigated temperature range. 
 The liquidus line is generally a few K higher than in previous works. This can be 
explained by using another method of detecting the thermal effects in the system, by 
using in this work the peak temperature for the liquidus which can be no precise. 
However finding the onset temperature for wide liquidus peaks is more likely 
inaccurate. And the last explanation can be the probable presents of sodium hydroxide 
in previous measured systems. 
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6.1.2 Quasi-binary system Na2O-Al2O3  
6.1.2.1 The Na-rich concentration region of Na2O-Al2O3 system 
Because of the temperature range of the used STA furnace (≤ 1600 °C) the investigation of 
binary Na2O-Al2O3 system can probably establish the temperature of the eutectic. The 
liquidus line is in this binary system almost in the whole Na2O-rich concentration part outside 
the range of the apparatus.  
The required portions of both oxides were mixed together with an achat mortar in the glove 
box. The samples were closed in platinum capsules and placed in a DTA Pt-crucible. The 
samples were not preheated in a furnace.  
Two compositions were prepared: 
 
- 62Na2O-38Al2O3 
- 75Na2O-25Al2O3. 
 
The result of the STA measurement of the sample 62Na2O-38Al2O3 is shown in Fig. 60. The 
sample was heated up and cooled down three times. One can see one thermal event at about 
1100 °C on the heating curve. The cooling curves show the thermal arrest at a much lower 
temperature. Another small peak and a drift of the base line can be observed at high 
temperature. The small thermal arrest at 1428 °C is most likely the structure change of 
NaAlO2, previously reported by De Vries and Roth [22].  
The same sample was kept in the STA apparatus at 1100 °C for 32 hours and then the 
measurement was repeated. The base line was not as stable as during the first measurement – 
one can observe many deviations. The results did not show any new and reproducible thermal 
events during cooling, only the main thermal effect is shifted to lower temperatures (about 
10K) (Fig. 61). 
After the STA measurements the sample was opened in the glove box. It was sintered but not 
molten what proves that up to about 1520 °C the liquidus does not exist. 
The thermal effects detected for the sample 75Na2O-25Al2O3 are shown in Fig. 62. After 
three initial measurements up to 1585 °C (the temperature of the reference crucible was about 
1520 °C in vacuum, because of the weak heat transfer in vacuum) the sample was kept at 
1100 °C for 24 hours. The result of the measurement done after this long constant segment is 
shown in Fig. 62, since the heating at about 1100 °C for 24 hours did not change the STA 
signals. 
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Figure 60. DTA and TG measurement of the sample 62Na2O-38Al2O3. The heating rate 
was 5 K/min. 
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Figure 61. DTA and TG measurement of the sample 62Na2O-38Al2O3 after annealing in 
the STA apparatus. The heating rate was 5 K/min. 
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The thermal events at about 1100 °C (two peaks near together) can correspond to the thermal 
arrest at 1100 °C for the sample 62Na2O-38Al2O3 and can prove the existence of the eutectic 
at this temperature. It is not sure which thermal effect can explain the second peak.  
During cooling the thermal effect is shifted to lower temperatures. The thermal effect at 1430 
°C was not observed for this sample. The sample was not molten after the measurement as 
well. 
For both samples the structure change of Na2O was not detected. However, this does not 
prove that the sodium oxide is not in equilibrium with NaAlO2. It is also still not clear why 
the peaks on the cooling curves are that shifted to lower temperatures. 
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Figure 62. STA measurement of the sample 75Na2O-25Al2O3. The heating rate was 5 K/min. 
 
6.1.2.2 Summary 
In the binary Na2O-Al2O3 system the information about phase equilibrium and thermal effects 
in the high Na2O concentration part given in the literature are not satisfactory. For the first 
time samples in this part were measured. The following general observation has been made: 
 
 The structure change of NaAlO2 (γ → δ) is observed at about 1430 °C in the STA 
measurement of the sample 62Na2O-38Al2O3. 
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 It is reasonable that the eutectic is situated at about 1093 ± 15 °C, although is not clear 
why the peak from the sample 75Na2O-25Al2O3 is double. 
 Up to 75 mole percent of Na2O no other component exists. 
 The liquidus was not established because of the available temperature range of the 
STA apparatus. 
 
Since the reasonable melting temperature of sodium oxide is 1132 °C and the observed 
temperature for the samples measured in this system is most likely the eutectic, it can be 
supposed that in the subsystem sodium oxide – sodium aluminate only one eutectic exists. 
Although the exact eutectic point cannot be established from these measurements so far, it 
must be placed close to Na2O since the temperature difference between the melting point of 
sodium oxide and the eutectic is very small. If an intermediate component would exist the 
temperature of a second eutectic near NaAlO2 would not be limited by the melting 
temperature of sodium oxide and thus would probably be higher. 
The proposed diagram of the high Na2O concentration part of the quasi-binary system 
presented in Fig. 63 explains the thermal effects identified in the DTA curves and the results 
of the XRD measurements. 
 
 
Figure 63. Thermal effects detected on the samples in the high Na2O concentration part of the 
Na2O-Al2O3 system (red line – maximum temperature of STA, up to this temperature samples 
were not completely molten). 
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6.1.3 Quasi-binary system NaAlSiO4-NaAlO2 
6.1.3.1 Quasi-binary system NaAlSiO4-NaAlO2 
The quasi-binary system NaAlSiO4-NaAlO2 was studied by Schairer and Bowen [23] and is 
shown in Fig. 19 in the literature review section of this work. As a result of this study a 
continuous solid solution expending between the end members were established. The later 
study made by Thompson et al. [33, 34] reported five new phases of intermediate 
compositions which structure is β-cristobalite-related, like the structure of both end members 
of this quasi-binary system. Therefore, Thomson [33, 34] concluded that in one sense the 
phase diagram proposed by Schairer et al. [23] is correct.  
Since this quasi-binary system is very interesting because of its unusual phase equilibrium in 
comparison with the other subsystems in the ternary Na2O-Al2O3-SiO2 system, STA and XRD 
measurements were done to established the phase equilibrium diagram. 
 
Table 10. Results of thermal treatment and XRD measurements. 
 
T / °C NaAlSi_A NaAlSi_C 
1100 
Na1,95Al1,95Si0,05O4 
NaAlO2 
Na1,55Al1,55Si0,45O4 
1220 
Na1,95Al1,95Si0,05O4 
NaAlO2 
Na1,55Al1,55Si0,45O4 
Na1,45Al1,45Si0,55O4 
1330 - Na1,45Al1,45Si0,55O4 
1470 
Na1,95Al1,95Si0,05O4 
NaAlO2 
- 
1530 
Na1,95Al1,95Si0,05O4 
NaAlO2 
Na1,45Al1,45Si0,55O4 
 
 
At first the crystal structure of compositions in the NaAlSiO4-NaAlO2 system were 
established. Therefore, two boundary samples, NaAlSi_A and NaAlSi_C, were preheated 10 
hours at 1100 °C and then heated to the required temperatures. At that temperature they were 
kept for 1 hour and then they were taken from the furnace and quickly cooled down on a 
metal plate to establish the crystal structure at different temperatures. Then the samples were 
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ground and the heating was repeated.  The results of such thermal treatment are shown in 
Table 10. 
In both samples some β-cristobalite-related structures are observed. They were reported by 
Thomson [33, 34]. Sample NaAlSi_A shows the existence of sodium aluminate crystals 
beside a β-cristobalite-related structure. For preparation NaAlO2 was used beside SiO2. 
Therefore, the existence of sodium aluminate in this sample can likely be caused by a non-
equilibrium state. 
The compositions of the samples measured by STA are given in Table 11. In case of NaAlO2 
a commercial available compound was used (Alfa, technical grade). 
 
Table 11. Compositions prepared in the NaAlSiO4-NaAlO2 subsystem. 
 
Sample 
Composition/mol % 
Na2O Al2O3 SiO2 
NaAlSi_4 26.45 24.65 48.90 
NaAlSi_A 46.87 42.44 10.69 
NaAlSi_B 39.98 35.15 24.86 
NaAlSi_C 32.65 28.18 39.17 
 
 
In Fig. 64-68 the results of STA measurements of samples NaAlSi_4,_C,_B,_A and NaAlO2, 
respectively, are shown. Samples were measured up to 1555-1570 °C, only the NaAlO2 
sample was measured lower – up to 1420 °C. The temperature range of the measurements was 
restricted by the ability of the STA apparatus. 
None of the samples measured in this subsystem was totally molten after the measurement. 
Although, the melting point of NaAlSiO4 reported by Schairer and Bowen [23] is 1526 °C and 
sample NaAlSi_4 was measured up to 1555 °C the melting point was not observed. However, 
samples NaAlSi_4 and NaAlSi_C were hard sintered in comparison to the other samples what 
can suggest that they were alternatively partly liquid. Furthermore, the high difference 
between end and begin of the DTA lines obtained during heating and cooling, respectively, 
could reveal that melting took place in the constant segment of the DTA measurement.  
For samples NaAlSi_4 and _C a peak at about 650 °C was observed (Fig. 64, 65). It 
corresponds with the low-temperature carnegieite structure change reported by Schairer and 
Bowen [23] at 692.1 on heating and at 687.0 °C on cooling. The inversion temperature 
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between carnegieite and nepheline at 1248 ± 5 °C reported by Schairer and Bowen [23] was 
not observed. 
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Figure 64. STA measurement of the sample NaAlSi_4. The heating rate was 5K/min. 
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Figure 65. STA measurement of the sample NaAlSi_C. The heating rate was 5K/min. 
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Figure 66. STA measurement of the sample NaAlSi_B. The heating rate was 5K/min. 
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Figure 67. STA measurement of the sample NaAlSi_A. The heating rate was 5K/min. 
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Figure 68. STA measurement of the sample NaAlO2. The heating rate was 5K/min. 
 
Unknown so far is the origin of the peak at 1156 °C, which disappears on the second heating, 
and the peak at 885 °C for sample NaAlSi_C (Fig. 65). These peaks have not any equivalent 
peak during cooling. However, the peak at 885 °C has an equivalent peak in the STA result of 
sample NaAlSi_B (Fig. 66). 
For samples NaAlSi_A and _B a huge drift of the DTA curves is observed on the STA 
measurements at high temperature. The thermal arrests at lower temperature are not identified 
so far. However, the thermal arrest at about 888 °C (sample NaAlSi_B; Fig. 66) can be 
observed in sample NaAlSi_A but slightly shifted (877 °C; Fig. 66).  
Also for sample NaAlO2 only low temperature thermal arrests are observed (Fig. 68). There is 
no information about the low temperature behaviour of sodium aluminate available. The peak 
at 427 °C most likely corresponds with the peak at 443 °C from sample NaAlSi_A. 
The XRD measurements made after STA measurements showed the following crystal 
structures: 
 
 Na1.75Al1.75Si0.25O4 and Na1.95Al1.95Si0.05O4 for sample NaAlSi_A 
 Na1.75Al1.75Si0.25O4 for sample NaAlSi_B 
 Na1.45Al1.45Si0.55O4 and Na1.55Al1.55Si0.4O4 for sample NaAlSi_C. 
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6.1.3.2 Summary 
Although some STA measurements were done in the quasi-binary system carnegieite-sodium 
aluminate the system is not completely characterized as yet. The temperature range of the 
measurements was restricted by the ability of STA apparatus. Therefore, measurements at 
temperature higher than 1550 °C were not possible. The low temperature range of the system 
was examined but neither liquidus nor eutectic temperature was determined. However, the 
melting temperature near pure NaAlSiO4 is most likely lower than that near pure sodium 
aluminate. The melting temperature of carnegieite is most likely higher than that suggested by 
Schairer and Bowen [23] at 1526 °C. However the exact value was not established because of 
the limitation of the STA apparatus. 
The XRD measurements showed some β-cristobalite-related structures. They were reported 
by Thomson [33, 34]. Sample NaAlSi_A shows the existence of sodium aluminate crystals 
beside β-cristobalite-related structures but only during thermal treatment – probably a 
consequence of the non-equilibrium state. After the DTA measurement there were only 
Na1.75Al1.75Si0.25O4 and Na1.95Al1.95Si0.05O4 crystals in the sample. The other samples did not 
show any end member crystals. The low temperature thermal arrests are the structure change 
of a component existing in this subsystem because of the shape of peak. One of them exists at 
about 650 °C for NaAlSiO4 and NaAlSi_C. The next thermal arrest from 888 to 877 °C was 
observed for samples NaAlSi_A, _B and _C, and the last one at about 473 and 443 °C is 
characteristic for sample NaAlO2 and NaAlSi_A, respectively. Therefore, in one sense the 
phase diagram proposed by Schairer et al. [23] is correct. Although, the existence of the 
thermal arrests corresponding with different structure changes and the fields where different 
types of structure exist allow to have doubt if the range between NaAlSiO4 and NaAlO2 is one 
homogeneous solid solution. Therefore, experiments with a high temperature STA and XRD 
need to be done. 
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6.2 Thermodynamic properties  
6.2.1 Vaporization of pure Na2O 
A mass spectrometric study of the vaporization of pure Na2O was carried out in the 
temperature range of 1040 – 1150 K. The ionic species Na+, NaO+, Na2O
+
 and O2
+
 were 
detected in the mass spectrum of the Na2O(s) vapours. The Na
+
 ions show the highest 
intensity. In case of NaO
+
 and Na2O
+
 ions the intensities were very low in comparison with 
Na
+
 ions. The background of O2
+
 ions was very high in comparison to the intensity of this ion 
with opened shutter (signal from Knudsen cell and background). The ions were assigned to 
the gaseous species Na(g), NaO(g), Na2O(g) and O2(g) being in the vapour.  
The dependence of ion current intensities versus reciprocal temperature obtained for one run 
is shown in Fig. 69 as an example. 
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Figure 69. Ion current intensities versus reciprocal temperature obtained on vaporizing Na2O.  
 
At lower temperatures the intensities of the ions NaO
+
 and Na2O
+
 were not detectable.  
 
6.2.1.1 Partial pressures 
The partial pressures of different species, p(i), at each measured temperature were calculated 
by use of Eq. (2). The ionisation cross sections of the species are given in Table 2. For NaO
+
 
and Na2O
+
 ions the ionization cross sections were calculated. In Fig. 70, the partial pressures 
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of vapour species obtained in one measurement are shown as an example. The partial pressure 
of molecular oxygen, p(O2), was calculated according to congruent effusion (Section 4.1.6).  
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Figure 70. Partial pressure of the gaseous species obtained during Na2O vaporization. 
 
6.2.1.2 Vaporization enthalpy of Na2O(s) obtained by the second law method 
Pure Na2O(s) vaporizes as follows: 
  
Na2O(s) = 2Na(g) + 1/2O2(g) (39) 
 
Na2O(s) = Na(g) + NaO(g) (40) 
 
Na2O(s) = Na2O(g) (41) 
 
In the vapour phase over pure solid Na2O the main gaseous species were Na(g) and O2(g). The 
intensities of the other species were lower. Therefore, only the reactions (39) and (40) were 
taken into account in further evaluations to obtain the vaporization enthalpy. The equilibrium 
constant, Kp°, of the reactions (39) and (40) were calculated from equations: 
 
2
5
2
1
2
2
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)()(
)39.(
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
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with p° = 10
5
 Pa. The measured partial pressures the gaseous species of Na and NaO and 
partial pressure of molecular oxygen calculated on the basis of congruent effusion were used 
for evaluation. Fig. 71 and 72 exemplify the equilibrium constant obtained in one run for 
reactions (39) and (40), respectively. 
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Figure 71. Temperature dependence of the equilibrium constant obtained for reaction (39). 
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Figure 72. Temperature dependence of the equilibrium constant obtained for reaction (40). 
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The scatters of experimental points were insignificant for both Kp° and for both reactions the 
calculation of the second law enthalpy from Eq. (14) were done. They are given in Table 12. 
The values were also recalculated to the standard temperature of 298 K applying the enthalpy 
increment {H°(T) – H°(298)} taken from the IVTANTHERMO database [65]. The data 
obtained in this work are compared with data existing in the IVTANTHERMO database in 
Table 12 as well. 
 
Table 12. Enthalpies of reactions (39) and (40) obtained by the second law method in 
comparison with IVTHANTHERMO [65] data. 
 
Reaction 
lnKp=A*10000/T 
+ B Tm 
K 
ΔHTm° 
kJ/mol 
ΔH298° 
kJ/mol 
this work 
ΔH298°  
kJ/mol 
IVTANTHERMO A B 
Na2O(s) = 2Na(g) 
+ 1/2O2(g)  
(r.39) 
45,1150 -8,1449 1100 677,167  
680.37 
 ± 37.87 
 
629.570 46,3519 -8,2126 1109 682,791 
38,8733 -7,3939 1101 614,731 
Na2O(s) = Na(g) + 
NaO(g)  
(r.40) 
27,0160 -6,4514 1098 536,373 
585.89 
 ± 35.57 
628.568 35,0094 -7,2685 1109 604,300 
29,0299 -6,6562 1101 553,398 
 
 
6.2.1.3 Vaporization enthalpy of Na2O(s) obtained by the third law method 
The vaporization enthalpies of Na2O(s) calculated according to the third law method by use of 
Eq. (17) given in the Section 3.7, are summarized in Table 13. The Gibbs energy functions of 
the studied reactions (39) and (40), GEF°(T), used in the calculation were taken from 
IVTHANTHERMO database [65] in the appropriate temperature range. The equilibrium 
constants of reactions (39) and (40), used in this calculation were obtained as described in 
Section 6.2.1.2 (or 3.7). The results are compared with data existing in the IVTANTHERMO 
database [65]. 
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Table 13. Enthalpies of reactions (39) and (40) obtained by the third law method in 
comparison with IVTHANTHERMO [65] data. 
 
Reaction 
ΔH298° kJ/mol 
this work 
ΔH298° kJ/mol 
IVTANTHERMO 
Na2O(s) = 2Na(g) + 1/2O2(g) 
(r.39) 
612.423 ± 4.03 629.570 
Na2O(s) = Na(g) + NaO(g) 
(r.40) 
609.207 ± 3.58 628.568 
 
 
6.2.1.4 Summary 
The vaporization behaviour and the thermodynamic properties of pure Na2O(s) were studied 
in this work. The ions observed in the mass spectrum were Na
+
, NaO
+
, Na2O
+
 and O2
+
. The 
intensities of NaO
+
 and Na2O
+
 were very low in comparison with Na
+
 ions. 
The partial pressure of the gaseous species was determined by using Eq.(2), the partial 
pressure of O2(g) was calculated assuming to the congruent effusion. The dissociation of O2 
was not taken into account because it is negligible at low temperatures.  
The vaporization enthalpies calculated for the two reactions obtained by the second and third 
law method showed some differences (Table 12 and 13). The values obtained by the third law 
method are closer to these from the IVTANTHERMO database [65]. They were calculated for 
every point obtained during the measurements by using Eq.(17). The discrepancies are low in 
this case. 
The values obtained by the second law method show more differences in comparison with 
data from IVTANTHERMO. The discrepancies of the three measurements which were done 
are quite big, about 38 and 36 kJ/mol for reaction (39) and (40), respectively. In case of the 
values determined by using the second law, they are strong dependent of the temperature of 
the measurements. Therefore, it gives more imprecision of the second law enthalpies. 
For reaction (39) more differences in comparison with database values and values calculated 
from the two laws are observed. It can be explained by the partial pressure of O2 calculated 
assuming congruent vaporization. The enthalpies of reaction (40) obtained in this work 
indicating better agreement within the experimental error and they are in very good agreement 
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with the value obtained by Hildenbrand and Murad [66] (Table 14). For reaction (39) no 
experimental data (KEMS) are available for comparison. 
 
Table 14. Enthalpies of reaction (40) obtained from the second and the third law method in 
comparison with data [66]. 
 
Reaction 
ΔH298° kJ/mol 
this work  
T = 1040 – 1150 K 
ΔH298° kcal/mol 
[66]  
T = 1033 – 1114 K 
3 law 2 law 3 law 
Na2O(s) = Na(g) + NaO(g) 
(r.40) 
585.89 ± 35.57 609.207 ± 3.58 150.0 
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6.2.2 Vaporization of alkali species from the quasi-ternary and quasi-
quaternary systems Na2O-(K2O)-Al2O3-SiO2 
6.2.2.1 Vaporization of Na-species from the quasi-ternary Na2O-Al2O3-SiO2 system  
The following samples were investigated by using KEMS in the quasi-ternary Na2O-Al2O3-
SiO2 system (Table 15). 
 
Table 15. Compositions prepared in the quasi-ternary Na2O-Al2O3-SiO2 system. 
 
Sample 
Composition/mol % 
Na2O Al2O3 SiO2 
NaAlSi_1 7.05 6.48 86.47 
NaAlSi_2 13.52 12.51 73.97 
NaAlSi_3 20.17 19.00 60.83 
NaAlSi_4 26.28 24.11 49.61 
NaAlSi_5 7.22 13.65 79.14 
NaAlSi_6 43.53 8.04 48.43 
 
 
A mass spectrometric study of the vaporization of Na2O from the samples of the quasi-ternary 
system was carried out in the temperature range from 1600 to 1850 K.  
The ionic species Na
+
, NaO
+
, Na2O
+
 were detected in the mass spectrum. In case of the NaO
+
 
and Na2O
+
 ions the intensities were very low in comparison with the Na
+
 ions. Fig. 73 
exemplifies the ion current intensities versus reciprocal temperature recorded in one run for 
sample NaAlSi_5. 
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Figure 73. Ion current intensities depending on reciprocal temperature obtained for sample 
NaAlSi_5. 
 
6.2.2.1.1  Partial pressures 
The partial pressure, p(i), of Na(g) at the temperature T was calculated by use of Eq. (2). The 
ionisation cross section of the molecule is given in Table 2. Fig. 74 exemplifies the partial 
pressure obtained for Na(g) detected on vaporizing from sample NaAlSi_5. 
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Figure 74. Partial pressure of Na(g) obtained on vaporizing from sample NaAlSi_5. 
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6.2.2.1.2  Thermodynamic activities 
The thermodynamic activity of sodium oxide in the ternary Na2O-Al2O3-SiO2 samples was 
calculated by use of Eq. (28). The partial pressure of Na(g) obtained as described in Section 
6.2.2.1.1, and Kp of reaction (23) taken from the FACT database [57], were used in the 
calculation. 
At first, the activity of sodium oxide of the samples with similar molar ratio of Na2O and 
Al2O3 (samples NaAlSi_1,_2,_3,_4) are compared in Fig. 75. They are expressed versus 
reciprocal temperature. 
Generally, the activity of sodium oxide increases with increasing Na2O content. For the 
samples NaAlSi_3 and _4 the activity is almost equal. In addition, a slightly different slope 
can be observed at lower temperatures for those samples. It can be related to the phase 
transition liquid/solid. The temperature at which the different slope lines cross is lower (about 
1695 K) than the melting point of carnegieite known from literature [23] (about 1800 K) since 
supercooling takes place during KEMS measurements, which are carried out from higher to 
lower temperature. At higher temperatures a big scatter of the measured points was observed 
for measurements which were repeated (Fig. 76). The slope of those points fits better with the 
slope of points at lower temperature. Therefore, during repetition the activity of sodium oxide 
was measured rather in solid phase than in liquid or glass phase since the melting point of 
carnegieite is 1880 K [23]). 
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Figure 75. Thermodynamic activities of Na2O in the samples NaAlSi_1,_2,_3,_4 of the 
ternary Na2O-Al2O3-SiO2 system.  
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Figure 76. Thermodynamic activities of Na2O in the samples NaAlSi_4 of the ternary Na2O-
Al2O3-SiO2 system. 
 
The thermodynamic activities of sodium oxide at one temperature – 1750 K – in the samples 
NaAlSi_1,_2,_3,_4  are summarized in Table 16. The compositions of the samples are given 
in Table 15. 
 
Table 16. Thermodynamic activity of Na2O in the samples NaAlSi_1,_2,_3,_4 at 1750 K. 
 
Sample 
Temperature 
 range /K/ 
a Na2O  
(1750 K) 
NaAlSi_1 1600 – 1840 6.000E-14 
NaAlSi_2 1690 – 1880 7.714E-13 
NaAlSi_3 1640 – 1860 9.740E-12 
NaAlSi_4 1620 – 1860 6.444E-12 
 
 
A comparison of the experimental data of the sodium oxide activity of the samples 
NaAlSi_1,_2,_3,_4 in the ternary system with data from the FACT database [57] and the FZJ 
database [67] at 1750 K show that the measured activity of the sodium oxide in the samples is 
more than one order of magnitude smaller than the activity calculated for the quasi-binary 
system SiO2-NaAlO2 (Fig. 77).  
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Figure 77. Comparison of experimental data of the sodium oxide activity in the samples 
NaAlSiO_1,_2,_3,_4  with data from FACT [57] and FZJ [67] database. 
 
The highest activity was detected for sample NaAlSi_3. The next sample, NaAlSi_4, has an 
activity narrowly smaller so that a “plateau” is observed. Although the samples have a quite 
big difference in sodium oxide content the measured sodium oxide activities are very similar. 
In the phase diagram it can be seen that the sample NaAlSiO_3 is very close to the phase 
boundary of nepheline/carnegieite. The sample NaAlSiO_4 is in field where only carnegieite 
is stable. Therefore, only a small difference in activity can be observed since both samples are 
placed in phase regions where the same component is dominant.  
 
The thermodynamic activities of sodium oxide given as a function of the reciprocal 
temperature obtained for samples NaAlSi_2,_5,_6 where the molar ratio of Al2O3 and SiO2 is 
similar are summarized in Fig. 78. 
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Figure 78. Thermodynamic activities of Na2O in the samples NaAlSi_2,_5,_6 of the ternary 
Na2O-Al2O3-SiO2 system. 
 
The results obtained for these samples at 1750 K are collected in Table 17. The compositions 
of the samples are given in Table 15. 
 
Table 17. Thermodynamic activity of Na2O in the samples NaAlSi_2,_5,_6 at 1750 K. 
 
Sample 
Temperature 
range /K/ 
a Na2O 
(1750 K) 
NaAlSi_2 1690 – 1880 7.714E-13 
NaAlSi_5 1690 – 1880 6.437E-14 
NaAlSi_6 1380 – 1690 1.544E-7 
 
 
The comparisons of the activity of sodium oxide in the samples in the ternary Na2O-Al2O3-
SiO2 system, where the molar ratios of Al2O3 and SiO2 are similar show one general tendency.  
A trend of decreasing sodium oxide activity in the samples was observed. The highest activity 
of sodium oxide in these samples was detected for sample NaAlSi_6, which is also the highest 
activity in all measured samples. However, the activity of this sample was extrapolated to 
1750 K, because this sample was measured in a lower temperature range.  
The measured activities of the samples NaAlSiO_2,_5,_6 show quite a good agreement with 
results obtained from calculation of the system Na2O-1/4(Al2O3*6SiO2) (Fig. 79). 
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Figure 79. Comparison of experimental data of the sodium oxide activity in the samples 
NaAlSiO_2,_5,_6  with data from FACT [57] and FZJ [67] database. 
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6.2.2.2 Vaporization of alkali oxides from the quasi-quaternary Na2O-K2O-Al2O3-SiO2 
system  
Three samples were investigated in the quasi-quaternary Na2O-K2O-Al2O3-SiO2 system 
(Table 18). 
A mass spectrometric study of the vaporization of alkali oxides from the samples of the quasi-
quaternary system was carried out in the temperature range of 1650 – 1880 K.  
 
Table 18. Compositions prepared in the quasi-quaternary Na2O-K2O-Al2O3-SiO2 system. 
 
Sample 
Composition/mol % 
Na2O Al2O3 SiO2 K2O 
NaKAlSi_1 3.80 6.47 86.59 3.14 
NaKAlSi_2 7.23 11.71 75.28 5.78 
NaKAlSi_5 4.00 13.25 79.53 3.22 
 
 
The ionic species Na
+
, K
+
, Na2O
+
 were detected in the mass spectrum. The intensity of Na2O
+
 
was very low in comparison with Na
+
. The ions K
+
 and NaO
+
 have the same m/z ratio 39.  
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Figure 80. Ion current intensities depending on reciprocal temperature obtained for sample 
NaKAlSi_2. 
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From the measurements done in the ternary system with sodium oxide it is known that the 
intensity of NaO
+
 ions is very low in comparison with Na
+
 ions and therefore, the intensity of 
K
+
 ions could be wholly attributed to K(g). Fig. 80 exemplifies the ion current intensities 
versus reciprocal temperature recorded for sample NaKAlSiO_2.  
6.2.2.2.1  Partial pressures 
The partial pressures, p(i), of the gaseous species Na(g) and K(g) at the temperature T were 
calculated by use of Eq. (2). The ionisation cross sections of the species are collected in Table 
2. Fig. 81 exemplifies the partial pressures obtained for the gaseous species detected on 
vaporizing sample NaKAlSi_2. 
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Figure 81. Partial pressure of Na(g) and K(g) obtained on vaporizing from sample 
NaKAlSi_2. 
 
6.2.2.2.2  Thermodynamic activities 
The thermodynamic activities of sodium and potassium oxide in the samples of the quasi-
quaternary Na2O-K2O-Al2O3-SiO2 system were calculated by use of Eq. (28). The partial 
pressures of Na and K species obtained as described in Section 6.2.2.2.1 , and Kp° of reactions 
(23) and  (24) taken from the FACT database [57], were used in the calculation. 
At first, the activity of sodium oxide in the samples NaKAlSi_1,_2,_5 are compared. The 
dependence of sodium oxide activity versus reciprocal temperature is given in Fig. 82. 
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Figure 82. Thermodynamic activities of Na2O in the samples NaKAlSi_1,_2,_5 of the 
quaternary Na2O-K2O-Al2O3-SiO2 system.  
 
The thermodynamic activities of K2O versus reciprocal temperature obtained for samples 
NaKAlSi_1,_2,_5 are summarized in Fig. 83 .  
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Figure 83. Thermodynamic activities of K2O in the samples NaKAlSi_1,_2,_5 of the 
quaternary Na2O-K2O-Al2O3-SiO2 system.  
 
The relationship of the samples in the quaternary system with similar alkali oxide content as 
these samples in the ternary system are shown in Fig. 84 – 86 for samples Na(K)AlSi_1, 
Na(K)AlSi_5, Na(K)AlSi_2, respectively. The figures present the activity of sodium oxide 
depending on the reciprocal temperature. 
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Figure 84. Comparison of the activity of sodium oxide in samples Na(K)AlSi_1. 
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Figure 85. Comparison of the activity of sodium oxide in samples Na(K)AlSi_2. 
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Figure 86. Comparison of the activity of sodium oxide in samples Na(K)AlSi_5. 
 
The thermodynamic activities of sodium oxide in the samples with and without potassium 
oxide at 1750 K investigated by means of Knudsen Effusion Mass Spectrometry are 
summarized in Table 19. The compositions of the samples are given in Table 18. 
 
 Table 19. Thermodynamic activity of samples Na(K)AlSi_1,_2,_5 at 1750 K. 
 
Sample 
Temperature 
 range /K/ 
a Na2O  
(1750 K) 
NaKAlSi_1 
 
NaAlSi_1 
1690 – 1860 
 
1600 – 1840 
1.399E-14 
 
6.000E-14 
NaKAlSi_2 
 
NaAlSi_2 
1680 – 1860 
 
1680 – 1880 
3.034E-13 
 
7.714E-13 
NaKAlSi_5 
 
NaAlSi_5 
1650 – 1880 
 
1620 – 1850 
5.216E-14 
 
6.437E-14 
 
 
The comparison of the activities of sodium oxide in the samples of the ternary and the 
quaternary systems show one general tendency (Fig. 84, 85, 86).  A trend of decreasing 
sodium oxide activity in the quaternary system in comparison with the ternary was observed. 
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Only for sample NaKAlSi_5 the activity was only slightly different. A comparison of sample 
NaKAlSiO_2 with NaAlSi_1 and _5, where the sodium oxide content is about 7 mole percent, 
shows that the activity of sodium oxide in the quaternary system is much higher than in the 
ternary one, although the amount of sodium oxide is equal (Fig. 87). For sample 
NaKAlSiO_5, the activity of sodium oxide is almost equal to those of samples NaAlSi_1 and 
_5 although the amount of sodium oxide in the quaternary sample is about fifty percent lower 
than the ternary samples. Since potassium oxide is a strong network modifier the presence of 
potassium oxide in the system increases the activity of sodium oxide. 
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Figure 87. Comparison of the activities of sodium oxide in the samples of the ternary 
(NaAlSi) and the quaternary systems (NaKAlSi). 
 
6.2.2.3 Summary 
The vaporization behaviour and the thermodynamic properties of the ternary Na2O-Al2O3-
SiO2 and the quaternary Na2O-K2O-Al2O3-SiO2 system were studied in this work. The ions 
observed in the mass spectrum were Na
+
, K
+
/NaO
+
 and Na2O
+
. The intensities of NaO
+
 and 
Na2O
+
 in the ternary system were very low in comparison with Na
+
 ions. Therefore, for the 
quaternary system the whole measured signal at m/z = 39 was attributed to K(g). 
The measurement of the ternary Na2O-Al2O3-SiO2 system showed that the activity of sodium 
oxide is slightly lower in comparison with calculated values for this system (FACT [57] and 
FZJ database [67]).  
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Generally, a tendency of increasing sodium oxide activity with increasing sodium oxide 
content was observed. A “plateau” observed for samples NaAlSi_3 and _4 is caused by the 
existence of both samples in a region where the primary phase is carnegieite. 
 
For the quaternary Na2O-K2O-Al2O3-SiO2 system a general tendency of increasing activities 
of sodium and potassium oxide with increasing alkali oxide content was observed. However, a 
decrease of the activity of sodium oxide in comparison with the ternary samples was 
observed.  
A comparison of sodium oxide activity of quaternary and ternary samples with equal amount 
of Na2O showed that potassium oxide increases the activity of sodium oxide in the quaternary 
sample in comparison to the ternary one. 
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7 Conclusions and outlooks 
 
The quasi-binary and quasi-ternary systems containing sodium, potassium, aluminium and 
silicon oxides have been the subject of extensive research because they are of great interest for 
various branches of earth science and they are important for the development of new 
technologies in metallurgy or in production of ceramics. The information about phase 
equilibrium was incomplete. The alkali oxide containing systems are also important in the 
field of coal-fired power plants, where during coal combustion the alkalies are released. 
Especially for the development of new technologies such as combined cycle power systems 
(PPCC), it is necessary to have the knowledge about the equilibrium state of the binary 
systems. This can help to do thermodynamic calculations of complex oxide systems which are 
more similar to real systems existing in coal combustion and which are sometimes difficult to 
make labour experiments. 
 
The thesis presents the results of Simultaneous Thermal Analysis of the quasi-binary Na2O-
SiO2 and Na2O-Al2O3 systems and the NaAlSiO4-NaAlO2 subsystem of the quasi-ternary 
Na2O-Al2O3-SiO2 system and the results of vaporization studies of samples of the quasi-
ternary Na2O-Al2O3-SiO2 and the quasi-quaternary Na2O-K2O-Al2O3-SiO2 system by use of 
Knudsen Effusion Mass Spectrometry.  
 
For the binary systems the most important part of this work was finding a suitable method of 
preparing the samples and making the measurements since one component – sodium oxide – 
is hygroscopic. At first, a method of producing pure sodium oxide was chosen and well-
elaborated and samples were prepared separately for every sample to avoid contamination 
with water. The samples were measured in special prepared and gas tight closed Pt capsules 
which were placed into commercial available Pt-DTA crucibles and then the measurements 
were done in vacuum.  
 
The quasi-binary Na2O-SiO2 system was examined by means of STA and XRD. For the first 
time the eutectic was established at about 861 ± 9 °C between 78 and 80 mole percent of 
sodium oxide. The XRD measurements showed the existence of a crystal structure which was 
unknown so far. Its composition is most likely Na10SiO7 which was also deducted from the 
shape of the liquidus line obtained for all samples measured in the high Na2O concentration 
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range of the binary Na2O-SiO2 system. A second eutectic is placed between 85 and 87 mole 
percent of sodium oxide at a temperature of 845 ± 15 °C. The structure change of Na2O (β → 
α) should take place at 970 °C [64] but was not observed in any sample in the high Na2O 
range of the binary Na2O-SiO2 system. 
In the range of the binary Na2O-SiO2 system, where the phase equilibrium were investigated 
by Kracek [4, 5] and D‟Ans, Loeffler [8, 9] a few samples were also measured and a generally 
good agreement between previous data and experiments done in this work was observed. The 
few K difference can be explained by the other method of detecting the thermal events in the 
system. 
 
The quasi-binary Na2O-Al2O3 system investigated by use of STA and XRD has most likely a 
simple eutectic in the high Na2O concentration range of the system. The eutectic is at 1093 ± 
15 °C. Although the exact eutectic point cannot be established from the measurements so far, 
it must be placed close to Na2O since the temperature difference between the melting point of 
sodium oxide and the eutectic is very small. The liquidus is out of the temperature range of 
the STA apparatus, higher than 1550 °C. 
 
The subsystem of the ternary Na2O-Al2O3-SiO2 system, NaAlSiO4-NaAlO2, was investigated 
by means of STA and XRD. The observed thermal arrests which correspond to structure 
changes were placed in the low temperature range. No solidus and liquidus lines could be 
determined in the available temperature range of up to 1550 °C of the STA apparatus. 
Therefore, on one side the phase diagram proposed by Schairer et al. [23] is correct, on the 
other side the existence of the thermal arrests corresponding with structure changes and the 
fields where different types of structure exist allow doubt if the range between NaAlSiO4 and 
NaAlO2 is a homogenous solid solution. 
 
The vaporization experiments of pure Na2O(s) helped to determine the thermodynamic 
functions. The vaporization enthalpy of Na2O(s) was calculated by means of the second and 
third law methods. The results showed that the enthalpies obtained from the third law are in 
good agreement with data from IVTANTHERMO [65]. The result obtained for one of the 
examined reactions (40) of vaporization of sodium oxide was compared with literature data 
[66] achieved also by using vaporization study of Na2O(s) and showed very good agreement. 
For the other reaction data for comparison were not available. 
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The vaporization behaviour and the thermodynamic properties of the ternary Na2O-Al2O3-
SiO2 and quaternary Na2O-K2O-Al2O3-SiO2 system were studied in this work. The 
thermodynamic activity of sodium oxide in the ternary system increases with increasing 
sodium oxide content and is in quite good agreement with calculated values for this system 
(FACT [57] and FZJ [67] database). 
The comparison of the sodium oxide activity of ternary and quaternary samples showed that 
the existence of potassium oxide increases the activity of sodium oxide in the system.  
 
Many important gabs in the Na2O-K2O-Al2O3-SiO2 system could be closed. Especially the 
behaviour of the Na2O-rich parts of the subsystems could be characterized for the first time. 
However, by closing these gabs new questions come up which have to be answered in future 
work:  
 the structure of the new phase in the Na2O-Na4SiO4 subsystem should be established 
 the liquidus and the solidus and liquidus line from systems Na2O-NaAlO2 and 
NaAlSiO4-NaAlO2 should be established by means of high temperature STA 
 the vaporization enthalpy of pure Na2O should be established also for the liquid phase 
in the temperature range of the measurements in the complex systems, since this can 
help to calculate the activity of sodium oxide in the multicomponent system by use of 
an experimentally determinated equilibrium constant, Kp° 
 the vaporization study of the ternary Na2O-Al2O3-SiO2 and quaternary Na2O-K2O-
Al2O3-SiO2 system has to be continued and extended to more complex system.  
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Table 1. Results – sample Na2O_1. 
 
T/K p Na/Pa p NaO/Pa p Na2O/Pa p O2/Pa Kp(r.39) Kp(r.40) 
1137,158 3,966701 0,000414 0,000176 1,121225 5,17E-12 1,64E-13 
1129,007 2,924448 0,000408 0,000102 0,892474 2,51E-12 1,19E-13 
1115,761 1,938861 0,000313 8,47E-05 0,675678 9,65E-13 6,08E-14 
1107,61 1,477588 0,000117 8,70E-05 0,57406 5,18E-13 1,73E-14 
1098,44 0,928919 0,000119 7,42E-05 0,45366 1,83E-13 1,11E-14 
1092,327 0,744471 0,000109 8,48E-05 0,413606 1,12E-13 8,14E-15 
1075,005 0,486569 7,09E-05 3,79E-05 0,357897 4,46E-14 3,45E-15 
1063,798 0,359082 7,82E-05 -   2,81E-15 
1050,552 0,228087 - 3,29E-05    
1044,438 0,188971 8,00E-05 2,72E-05 0,293967 6,12E-15 1,51E-15 
1038,325 0,148523 3,28E-05 4,52E-05 0,28533 3,72E-15 4,87E-16 
1028,136 0,093528 - -    
1022,023 0,066789 - 2,27E-05    
1012,853 0,04562 - 1,91E-05    
1130,026 2,309807 0,000347 0,000136 0,758686 1,45E-12 8,02E-14 
1102,516 1,098501 0,000194 -   2,14E-14 
1069,911 0,409604 - 4,75E-05    
1016,928 0,053734 - 3,10E-05    
1138,177 2,785048 0,000469 0,000213 0,862817 2,24E-12 1,31E-13 
 
Table 2. Results – sample Na2O_2. 
 
T/K p Na/Pa p NaO/Pa p Na2O/Pa p O2/Pa Kp(r.39) Kp(r.40) 
1135,121 4,317432 - 0,00019    
1120,856 3,058224 0,000451 7,95E-05 0,917261 2,79E-12 1,38E-13 
1115,761 2,565128 0,000452 1,00E-04 0,809426 1,85E-12 1,16E-13 
1106,591 1,982379 0,000352 0,000104 0,681092 1,02E-12 6,98E-14 
1094,365 1,136582 0,000164 9,29E-05 0,497206 2,86E-13 1,86E-14 
1089,27 0,897645 0,000161 4,56E-05 0,444886 1,69E-13 1,45E-14 
1133,083 3,488502 0,000583 0,000176 1,012188 3,81E-12 2,03E-13 
1106,591 2,046048 0,000246 0,000105 0,694828 1,09E-12 5,03E-14 
1072,968 0,614322 8,43E-05 3,00E-05 0,384448 7,38E-14 5,18E-15 
1144,291 4,348241 0,000635 0,000219 1,200289 6,44E-12 2,76E-13 
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Table 3. Results – sample Na2O_3. 
 
T/K p Na/Pa p NaO/Pa p Na2O/Pa p O2/Pa Kp(r.39) Kp(r.40) 
1136,139 3,059231 0,000454 0,000185 0,918253 2,80E-12 1,39E-13 
1122,894 2,621374 0,000266 0,000188 0,821976 1,94E-12 6,97E-14 
1109,648 2,167636 0,00034 9,76E-05 0,721387 1,25E-12 7,38E-14 
1098,44 1,197039 0,00015 5,37E-05 0,510364 3,22E-13 1,80E-14 
1084,176 0,754614 0,000101 7,14E-05 0,414192 1,15E-13 7,62E-15 
1067,873 0,52083 6,82E-05 1,48E-05 0,36451 5,17E-14 3,55E-15 
1051,571 0,312535 4,07E-05 3,47E-05 0,319898 1,75E-14 1,27E-15 
1043,42 0,236693 - -    
1029,155 0,132284 - -    
1017,947 0,072403 - -    
1131,045 2,568574 0,000326 0,000202 0,811336 1,85E-12 8,37E-14 
1100,478 1,467626 0,00015 3,91E-05 0,568586 5,10E-13 2,20E-14 
1058,703 0,400715 4,64E-05 2,45E-05 0,338721 2,95E-14 1,86E-15 
1146,328 4,222326 0,000561 0,000239 1,172822 6,00E-12 2,37E-13 
 
Table 4. Results – sample NaAlSi_1. 
 
T/K p Na/Pa a Na2O 
 
T/K p Na/Pa a Na2O 
1817,784 0,102522 2,38E-13 1828,991 0,189976 8,98E-13 
1811,67 0,094204 2,17E-13 1805,557 0,112338 3,79E-13 
1787,217 0,06154 1,21E-13 1791,292 0,088876 2,79E-13 
1769,895 0,047472 8,92E-14 1780,084 0,070726 1,97E-13 
1749,517 0,030023 4,31E-14 1769,895 0,059966 1,60E-13 
1732,196 0,019707 2,16E-14 1754,612 0,041882 8,91E-14 
1709,78 0,014058 1,50E-14 1741,366 0,031895 5,93E-14 
1684,308 0,008476 7,42E-15 1727,101 0,021838 3,11E-14 
1662,911 0,006496 6,19E-15 1792,311 0,090019 2,82E-13 
1641,514 0,003318 1,90E-15 1753,593 0,042807 9,61E-14 
1617,06 0,001947 8,97E-16 1824,916 0,137867 4,35E-13 
1600,758 0,001677 9,21E-16 
1790,273 0,057718 9,67E-14 
1739,328 0,022711 2,65E-14 
1670,043 0,007004 6,35E-15 
1601,777 0,00188 1,19E-15 
1841,218 0,132494 2,90E-13 
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Table 5. Results – sample NaAlSi_2. 
 
T/K p Na/Pa a Na2O 
 
T/K p Na/Pa a Na2O 
1879,936 0,826652 1,39E-11 1881,974 0,552214 4,88E-12 
1850,388 0,560432 8,99E-12 1850,388 0,384303 3,50E-12 
1828,991 0,42498 6,72E-12 1834,086 0,304297 2,65E-12 
1812,689 0,338493 5,20E-12 1814,727 0,240204 2,12E-12 
1793,33 0,258216 3,85E-12 1795,368 0,171321 1,33E-12 
1777,028 0,197486 2,73E-12 1777,028 0,123458 8,43E-13 
1762,763 0,14744 1,75E-12 1760,725 0,092088 5,63E-13 
1749,517 0,10967 1,10E-12 1745,442 0,071505 4,10E-13 
1733,215 0,085306 8,24E-13 1733,215 0,052025 2,39E-13 
1720,988 0,065468 5,51E-13 1717,931 0,038826 1,59E-13 
1698,572 0,046265 3,76E-13 1698,572 0,029001 1,17E-13 
1680,232 0,036691 3,17E-13 1679,213 0,023446 1,06E-13 
1859,558 0,519027 6,27E-12 1854,464 0,358074 2,72E-12 
1793,33 0,209229 2,28E-12 1794,349 0,144714 8,88E-13 
1746,461 0,096614 8,52E-13 1747,479 0,059039 2,44E-13 
1691,44 0,038621 2,80E-13 1689,402 0,02225 7,39E-14 
1866,691 0,518687 5,50E-12 1861,596 0,362364 2,46E-12 
 
Table 6. Results – sample NaAlSi_3. 
 
T/K p Na/Pa a Na2O 
 
T/K p Na/Pa a Na2O 
1849,369 1,514202 1,10E-10 1860,577 1,40865 7,47E-11 
1823,897 1,058836 7,26E-11 1840,199 1,108028 5,98E-11 
1812,689 0,85609 5,29E-11 1823,897 0,86268 4,35E-11 
1796,387 0,665379 3,87E-11 1805,557 0,670912 3,30E-11 
1778,046 0,490996 2,60E-11 1791,292 0,546634 2,62E-11 
1763,782 0,38039 1,84E-11 1773,971 0,396173 1,65E-11 
1749,517 0,289132 1,24E-11 1760,725 0,321454 1,28E-11 
1735,253 0,219648 8,40E-12 1745,442 0,236395 8,15E-12 
1720,988 0,163314 5,42E-12 1729,139 0,169836 5,02E-12 
1705,705 0,128327 4,12E-12 1717,931 0,131486 3,36E-12 
1681,251 0,08697 2,68E-12 
1662,911 0,060824 1,66E-12 
1645,589 0,046396 1,26E-12 
1803,519 0,47903 1,48E-11 
1747,479 0,221581 6,65E-12 
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1695,516 0,099813 2,75E-12 
1653,741 0,04954 1,23E-12 
1848,351 0,834677 2,53E-11 
 
Table 7. Results – sample NaAlSi_4. 
 
T/K p Na/Pa a Na2O 
 
T/K p Na/Pa a Na2O 
1835,105 1,072635 6,06E-11 1858,54 1,449489 8,33E-11 
1823,897 0,863719 4,36E-11 1838,162 1,111964 6,26E-11 
1807,595 0,697807 3,50E-11 1814,727 0,789666 4,16E-11 
1793,33 0,537376 2,41E-11 1798,424 0,588277 2,73E-11 
1772,952 0,404945 1,78E-11 1780,084 0,415756 1,65E-11 
1762,763 0,33795 1,39E-11 1765,82 0,309076 1,05E-11 
1747,479 0,247192 8,74E-12 1751,555 0,22945 6,67E-12 
1733,215 0,172171 4,77E-12 1738,309 0,169034 4,09E-12 
1720,988 0,136389 3,45E-12 1728,12 0,128346 2,55E-12 
1703,667 0,098178 2,21E-12 1715,894 0,101913 1,86E-12 
1685,327 0,078659 1,90E-12 1695,516 0,073142 1,26E-12 
1666,986 0,055485 1,20E-12 1676,156 0,08815 3,11E-12 
1651,703 0,042594 8,82E-13 1823,897 0,634971 2,02E-11 
1636,419 0,03076 5,60E-13 1766,839 0,285198 8,40E-12 
1622,155 0,023659 4,08E-13 1724,045 0,11917 2,31E-12 
1812,689 0,48743 1,29E-11 1676,156 0,057919 1,09E-12 
1759,706 0,239381 6,27E-12 1850,388 0,764055 1,95E-11 
1697,553 0,087157 1,87E-12 
1625,211 0,025391 4,52E-13 
1832,048 0,5706 1,33E-11 
 
Table 8. Results – sample NaAlSi_5. 
 
T/K p Na/Pa a Na2O 
 
T/K p Na/Pa a Na2O 
1835,105 0,189748 7,98E-13 1839,18 0,156827 4,59E-13 
1813,708 0,142331 5,84E-13 1820,84 0,120232 3,34E-13 
1800,462 0,119857 4,92E-13 1802,5 0,086545 2,09E-13 
1780,084 0,075176 2,29E-13 1784,16 0,062215 1,32E-13 
1766,839 0,058474 1,60E-13 1769,895 0,046223 8,34E-14 
1751,555 0,042859 1,01E-13 1751,555 0,03492 6,02E-14 
1737,29 0,030863 5,95E-14 1740,347 0,02611 3,68E-14 
1726,083 0,023481 3,81E-14 1727,101 0,018909 2,17E-14 
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1707,742 0,016834 2,46E-14 1707,742 0,013168 1,33E-14 
1691,44 0,011987 1,50E-14 1687,364 0,008015 6,02E-15 
1673,1 0,008755 1,03E-14 1671,062 0,007335 6,96E-15 
1658,835 0,006922 7,96E-15 1654,76 0,004792 3,49E-15 
1641,514 0,004879 4,97E-15 1639,476 0,003642 2,51E-15 
1628,268 0,003495 2,96E-15 1624,193 0,002476 1,38E-15 
1801,481 0,088308 2,25E-13 1800,462 0,067689 1,18E-13 
1747,479 0,031899 5,23E-14 1746,461 0,023332 2,44E-14 
1672,081 0,009344 1,25E-14 1671,062 0,005858 3,97E-15 
1623,174 0,002812 1,94E-15 1619,098 0,002014 9,30E-16 
1832,048 0,137721 3,79E-13 1831,029 0,105397 1,98E-13 
 
Table 9. Results – sample NaAlSi_6. 
 
T/K p Na/Pa a Na2O 
 
T/K p Na/Pa a Na2O 
1689,402 6,059526 9,05E-08 1657,816 3,950076 6,34E-08 
1649,665 3,230236 4,63E-08 1634,382 2,441095 3,29E-08 
1627,249 2,266644 3,24E-08 1622,155 1,977851 2,61E-08 
1610,947 1,566891 1,91E-08 1604,833 1,341164 1,51E-08 
1595,663 1,14225 1,26E-08 1588,531 0,948216 9,49E-09 
1583,437 0,874672 8,82E-09 1571,21 0,666499 6,10E-09 
1561,021 0,645908 7,34E-09 1546,756 0,463593 4,66E-09 
1537,586 0,464521 5,98E-09 1525,359 0,337493 3,74E-09 
1517,208 0,32962 4,41E-09 1506 0,231449 2,49E-09 
1526,378 0,229231 1,38E-09 1514,151 0,166545 8,71E-10 
1506 0,1742 1,22E-09 1487,66 0,114126 7,14E-10 
1483,584 0,124671 1,00E-09 1469,32 0,082487 5,40E-10 
1464,225 0,083261 6,42E-10 1448,942 0,05551 3,68E-10 
1437,734 0,054224 4,88E-10 1420,413 0,038608 3,57E-10 
1622,155 1,601907 1,54E-08 1659,854 2,538249 2,00E-08 
1583,437 0,797022 6,99E-09 1617,06 1,347262 1,13E-08 
1503,962 0,18045 1,41E-09 1510,076 0,152671 7,85E-10 
1449,961 0,076456 7,94E-10 1431,62 0,048004 4,34E-10 
1675,138 3,064268 2,26E-08 1682,27 2,905891 1,69E-08 
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Table 10a. Results – sample NaKAlSi_1. 
 
T/K p Na/Pa a Na2O p K/Pa a K2O 
1862,615 0,149719 2,65E-13 0,057713 3,85E-16 
1847,332 0,103009 1,38E-13 0,035424 1,46E-16 
1825,935 0,080681 1,12E-13 0,025871 9,45E-17 
1807,595 0,057552 6,84E-14 0,016526 4,20E-17 
1787,217 0,03582 3,12E-14 0,010333 1,85E-17 
1771,933 0,030001 2,72E-14 0,009348 1,88E-17 
1756,65 0,019272 1,23E-14 0,006024 8,25E-18 
1742,385 0,01475 8,45E-15 0,004529 5,24E-18 
1729,139 0,011523 6,02E-15 0,002862 2,12E-18 
1711,818 0,007666 3,15E-15 0,002586 2,28E-18 
1841,218 0,102397 1,52E-13 0,043276 2,66E-16 
1745,442 0,017984 1,30E-14 0,005669 8,68E-18 
1690,421 0,005997 2,72E-15 0,001778 1,35E-18 
1855,483 0,098981 1,07E-13 0,035086 1,25E-16 
 
Table 10b. Results – sample NaKAlSi_1. 
 
T/K p Na/Pa a Na2O p K/Pa a K2O 
1856,502 0,139602 2,49E-13 0,046519 2,48E-16 
1830,01 0,094776 1,55E-13 0,027103 9,92E-17 
1814,727 0,07189 1,04E-13 0,020092 6,07E-17 
1799,443 0,052233 6,29E-14 0,014483 3,47E-17 
1782,122 0,038921 4,25E-14 0,012051 2,96E-17 
1766,839 0,028415 2,63E-14 0,007568 1,21E-17 
1747,479 0,018438 1,33E-14 0,004872 5,73E-18 
1737,29 0,014314 8,72E-15 0,003642 3,34E-18 
1722,007 0,011245 6,60E-15 0,00286 2,42E-18 
1698,572 -  0,001733 1,08E-18 
1818,802 0,07845 1,20E-13 -0,43143  
1755,631 0,020767 1,51E-14 0,006325 9,49E-18 
1698,572 0,008162 4,92E-15 0,001666 9,81E-19 
1848,351 0,107036 1,49E-13 0,033168 1,21E-16 
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Table 11a. Results – sample NaKAlSi_2. 
 
T/K p Na/Pa a Na2O p K/Pa a K2O 
1861,596 0,382152 2,81E-12 0,257847 1,65E-14 
1833,067 0,246148 1,59E-12 0,159622 7,94E-15 
1820,84 0,196391 1,14E-12 0,119271 4,70E-15 
1802,5 0,148047 8,01E-13 0,094452 3,58E-15 
1782,122 0,104369 5,00E-13 0,064442 1,96E-15 
1767,857 0,08881 4,45E-13 0,047347 1,17E-15 
1755,631 0,071947 3,37E-13 0,038057 8,42E-16 
1739,328 -  0,025512 4,17E-16 
1727,101 0,041674 1,56E-13 0,019949 2,83E-16 
1708,761 0,030786 1,09E-13 0,015167 2,02E-16 
1691,44 0,024636 9,11E-14 0,010266 1,06E-16 
1833,067 0,214006 1,12E-12 0,145111 6,25E-15 
1781,103 0,09099 3,62E-13 0,057973 1,53E-15 
1729,139 0,040258 1,37E-13 0,019653 2,63E-16 
1678,194 0,017852 5,47E-14 0,007725 6,77E-17 
1851,407 0,24762 1,15E-12 0,155319 5,48E-15 
 
Table 11b. Results – sample NaKAlSi_2. 
 
T/K p Na/Pa a Na2O p K/Pa a K2O 
1848,351 0,367006 3,24E-12 0,236664 1,65E-14 
1828,991 0,256979 1,91E-12 0,173531 1,05E-14 
1815,746 0,200711 1,33E-12 0,130519 6,41E-15 
1796,387 0,160947 1,11E-12 0,099103 4,49E-15 
1780,084 0,114581 6,58E-13 0,069222 2,43E-15 
1767,857 0,099564 5,92E-13 0,062198 2,31E-15 
1755,631 0,078031 4,13E-13 0,045865 1,34E-15 
1739,328 0,058569 2,83E-13 0,031913 7,30E-16 
1726,083 0,044712 1,91E-13 0,024349 4,75E-16 
1705,705 0,033539 1,44E-13 0,014652 1,96E-16 
1688,383 0,024755 9,87E-14 0,012354 1,79E-16 
1831,029 0,227581 1,36E-12 0,151525 7,21E-15 
1774,99 0,094293 4,48E-13 0,057697 1,69E-15 
1741,366 0,054362 2,25E-13 0,03064 6,36E-16 
1674,119 0,019248 7,25E-14 0,01001 1,40E-16 
1861,596 0,311687 1,69E-12 0,22681 1,20E-14 
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Table 12a. Results – sample NaKAlSi_5. 
 
T/K p Na/Pa a Na2O p K/Pa a K2O 
1838,162 0,144762 3,83E-13 0,051441 4,30E-16 
1825,935 0,135804 4,11E-13 0,045376 3,85E-16 
1804,538 0,092413 2,37E-13 0,031577 2,23E-16 
1791,292 0,07459 1,80E-13 0,027069 1,91E-16 
1774,99 0,053809 1,10E-13 0,018326 9,59E-17 
1759,706 0,045899 1,01E-13 0,012753 5,09E-17 
1744,423 0,028645 4,26E-14 0,008056 2,13E-17 
1727,101 0,018809 2,14E-14 0,005952 1,38E-17 
1711,818 0,013586 1,32E-14 0,003674 5,50E-18 
1695,516 0,01011 8,98E-15 0,002982 4,46E-18 
1808,613 0,07958 1,51E-13 0,025512 1,22E-16 
1737,29 0,022956 2,84E-14 0,007368 1,94E-17 
1679,213 0,009885 1,22E-14 0,002967 6,06E-18 
1650,684 0,005797 6,17E-15 0,001524 2,03E-18 
1831,029 0,111308 2,27E-13 0,037455 2,19E-16 
 
Table 12b. Results – sample NaKAlSi_5. 
 
T/K p Na/Pa a Na2O p K/Pa a K2O 
1876,88 0,252838 7,58E-13 0,098313 1,16E-15 
1845,294 0,175495 5,42E-13 0,062396 6,20E-16 
1823,897 0,12875 3,74E-13 0,045392 3,99E-16 
1809,632 0,099905 2,61E-13 0,034875 2,63E-16 
1789,254 0,069659 1,58E-13 0,023613 1,41E-16 
1774,99 0,052518 1,04E-13 0,017222 8,21E-17 
1761,744 0,042001 7,75E-14 0,014883 7,22E-17 
1745,442 0,026917 3,57E-14 0,010272 3,84E-17 
1849,369 0,151681 3,49E-13 0,060312 5,33E-16 
1797,406 0,069346 1,33E-13 0,025871 1,53E-16 
1739,328 0,024686 3,26E-14 0,006908 1,59E-17 
1861,596 0,16038 3,21E-13 0,063978 5,07E-16 
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